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A bstract
The use of mobile robots has formed the core of numerous exploration missions to 
the Moon and Mars. However, estimation of rover traction on the loose, granular 
regolith found widely on the lunar and martian surfaces remains challenging. 
While it is relatively easy to describe the forces imparted on the terrain by a rover, 
characterisation of the terrain response and its trafficability has proven to be more 
difficult. The validation of future rover designs and laboratory-based experiments 
to aid current mission operations will rely on a comprehensive understanding of 
the deformation mechanics of regolith-like materials.
This thesis presents a novel terrain characterisation methodology and analysis 
which extends current approaches to trafficability analysis using the theory of 
terramechanics. The presented approach primarily focuses on identifying the 
effects of changes in relative density on the deformation behaviours of frictional 
soils under low loading conditions. Motivated by previous work that produced 
Surrey Space Centre (SSC) regolith simulants, a study of in-situ martian and 
lunar regolith properties is presented.
A classification method by particle size distribution (PSD) is demonstrated 
and three Engineering Soil (ES) simulants suitable for use with the ExoMars rover 
testbed are selected based on the PSD. Preparation and characterisation methods 
are developed to provide samples of each simulant at three discrete relative dens­
ities and measure their shear and normal load failure responses. Finally, these 
data are used to study the trafficability characteristics of two simulants using a 
simple microrover single wheel testbed.
Direct shear tests using samples of the ES simulants demonstrated little sens­
itivity in the residual stress to initial density. However, the magnitude of the sim­
ulant brittleness (the brittleness index) was found increase with PSD under low 
loading conditions similar to those of the ExoMars rover. Furthermore, the sens­
itivity of the brittleness index to sample density demonstrated that the measured 
residual stress does not reflect the critical state strength in high PSD simulants. 
Subsequent pressure-sinkage tests demonstrated that failure planes developed due 
to normal load do not reflect the residual strength of the soil. Therefore, where 
brittleness index is greater than approximately 33 %, the standard Bekker/Reece- 
Wong pressure-sinkage curves do not fully capture the normal failure response.
By splitting the pressure-sinkage data into pre- and post-failure regions, para­
meter goodness of fit was found to improve by up to 13% in high brittleness ES-3. 
A more modest improvement of up to 3% was seen in the lower brittleness SSC- 
2. Using these parameters, model performance predictions were computed and 
compared with preliminary single wheel testbed data. While the precision of the 
data support the presented methodologies, future improvements to the apparatus 
and additional data will aid in verifying the accuracy of these measurements.
Keywords: terramechanics, soil mechanics, traction, microrovers, pressure- 
sinkage, regolith, frictional soils, soil simulants, plastic failure, brittle failure, 
relative density
Christopher Brunskill 
chris@chrisbrunskill.com
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Chapter 1
Introduction
1.1 M otivation
From the beginning of the space age robots have played a crucial role in the 
exploration of the solar system. Remotely controlled, mechanical systems have 
allowed humans to explore the surfaces of planets and moons without the need 
to send risky and expensive manned missions. The earliest days of space explora­
tion focused on the soft landing of probes on the surfaces of the Moon, Mars and 
Venus. Although many of these probes included manipulators of varying levels 
of sophistication, robotic explorers demonstrated their true potential with the 
introduction of mobile robots, or rovers. A successfully deployed rover provided 
similar scientific abilities to their stationary lander counterparts, with the added 
benefit of a mobile platform to provide an unprecedented extension to the robotic 
workspace. The exponential improvement of electronics technology throughout 
the course of the space age has allowed for the development of increasingly soph­
isticated rovers, which have enjoyed enormous success in exploring our planetary 
neighbours.
As such, these missions have represented cornerstones in our understanding 
of how the solar system evolved, although relatively few in total have explored 
the surface of another planetary body. The first example of the use of a rover in 
a space exploration mission was the Soviet Lunokhod 1, a teleoperated platform 
with a mass of over 800 kg. Shortly after the landing of Lunokhod 1, the 1971 
National Aeronautics and Space Administration (NASA) Apollo 15 mission saw 
the first use of the Lunar Roving Vehicle (LRV), a 210kg rover designed to carry 
the Apollo astronauts. Both rovers saw successors of almost identical systems, 
with the launch of Lunokhod 2 in 1973 and the inclusion of the LRV in both 
Apollo 16 and 17 in 1972. The next use of a rover system was not seen until 
NASA returned to the surface of Mars in the 1997 Mars Pathfinder mission, 
which included the autonomous rover Sojourner. The 11 kg rover was the first 
example of vehicle which may be considered a microrover^ i.e. a rover with a total 
mass no greater than a few tens of kilograms. Sojourner provided technology 
demonstration of key elements of rover autonomy and tractive performance on 
the martian surface. The Sojourner mobility system has since been scaled and 
directly incorporated into the much larger Mars Exploration Rover (MER) rovers. 
Spirit and Opportunity, and the Mars Science Laboratory (MSL) rover. Curiosity.
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Understanding the mobility of these rovers and other terrestrial research con­
cepts typically focuses on the kinematic behaviours of the mobility system. Fur­
thermore, such systems are typically wheeled and equipped with passive suspen­
sion systems. Some have been studied extensively, such as those of the MERs and 
initial concepts for the European Space Agency (ESA) ExoMars rover [1, 2, 3]. 
Actively controlled suspension systems in similarly sized small rovers have demon­
strated improvements in chassis stability and the surmounting of obstacles. How­
ever, such systems require mechanical assemblies of inherently greater complexity, 
increasing mass and power requirements (both undesirable in space exploration 
systems) [4, 5]. Reducing vehicle mass remains a key design factor and, in ad­
dition to the success of Sojourner, has spurred interest in the capabilities of 
microrover platforms. In Europe, compact, semi-actuated microrover suspension 
systems were proposed for the exploration of both the lunar and martian surfaces 
[6, 7]. Moreover, the mass and volume constraints of a microrover platform also 
saw the introduction of tracked mobility system concepts [8]. In particular, the 
Nanokhod concept provided proof that a low mass, tracked rover could traverse 
loose terrain similar to that of the Moon [9].
All of the flight rover systems discussed above far exceeded their initial design 
requirements. However, their operation was not without their challenges, par­
ticularly in the estimation of tractive ability prior to traversal of regolith  ^ the 
loose, dry, granular, composition of sand and dust which covers the lunar and 
martian surfaces. The LRV on occasion was prone to becoming embedded in the 
deep lunar regolith. Fortunately, recovery proved to be simple with the aid of 
the astronauts carried on board. However, similar traction challenges were seen 
in Lunokhod 1, trapped twice after becoming embedded in the loose regolith 
found at crater rims [10]. The similar nature of aeolian ridges in the martian 
regolith dunes were also responsible for trapping Opportunity [11]. Fortunately, 
the respective rovers were capable of extracting themselves without direct human 
assistance.
An exception was seen, however, in Spirit, unable to extract itself after becom­
ing embedded in loose regolith. Figure 1.1 illustrates the extent to which Spirit 
embedded itself in the loose regolith of the martian surface. The subsequent 
problems in maintaining optimal environmental conditions in its static position 
were ultimately responsible for the failure of the rover and the end of the mission. 
Many unknowns still remain, therefore, when developing space vehicles suitable 
traversing regolith. The root of this problem has often been in the understanding 
of terrain strength. Without the ability to determine where and to what extent 
a wheel will deform the terrain without prior knowledge of the mechanical prop­
erties, the control of a rover has relied on the estimation of terrain strength and 
its deformation behaviours.
The study of off-road vehicle performance is, clearly, as much a terrestrial 
problem as it is on other planetary surfaces. Throughout the history of ter­
restrial off-road vehicle development there have been many examples of attempts 
to define the mechanics of vehicle traction, however, it was not until the 1950s that 
a comprehensive, formal definition was first proposed. The work of Mieczyslaw
G. Bekker took the first semi-empirical approach to the mechanical description 
of vehicle traction, based on in-situ measurements of terrain parameters. It was
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Figure 1.1: The NASA rover Spirit, trapped in loose regolith on the martian 
surface. Soft, weak terrain beneath the front-left wheel has allowed it to almost 
completely sink (Image courtesy NASA/Jet Propulsion Laboratory (JPL)).
in Bekker’s work that the theory of terramechanics was founded, allowing es­
timates of vehicle tractive performance on deformable surfaces to be made based 
on empirical measurements of the terrain [12]. Understanding the equilibrium of 
forces between vehicle and terrain originated in methods obtained from the dis­
ciplines of geotechnical and civil engineering. Extensions of this work followed in 
the subsequent decades, with crucial contributions in the 1960s from the prolific 
researchers Jo Yung Wong and Alan Reece. The work of these authors further 
developed the fundamental understanding of the soil mechanics of the pressure- 
sinkage relationship for vehicles, the stress distribution beneath a wheel and the 
mechanics of the radial force equilibrium [13, 14, 15].
The application of terramechanics in planetary rover applications began with 
contributions from Bekker in the development of the LRV. However, attempts in 
more recent years to scale terramechanics models to smaller rovers, in particular 
very low mass microrovers, has proven to be non-trivial. Numerous studies have 
focused on characterising the drawbar pull, the net forward force a wheel or track 
generates when traversing deformable soil. Often, these are applied as paramet­
ric studies to determine the relative effects of changes to wheel size, shape or 
load [16, 17, 18]. The relationship between drawbar pull and slip ratio is funda­
mental to the theory of terramechanics, as the slip ratio defines the magnitude 
of the shear deformation of the terrain and the resulting sinkage. Attempts to 
characterise, estimate and apply the nature of shear deformation have been incor­
porated in several sensor-based solutions for on-the-fly measurement of sinkage 
[19, 20]. Amongst these various studies, two common factors emerge; either the 
mechanical strength parameters of the soil must be assumed, or constant obser­
vations must be made to estimate the absolute slip ratio. Often the only method 
available for the measurement of slip ratio is by visual navigation, which is both 
slow and computationally intensive.
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Attempts have been made to teach autonomous rovers to characterise the 
terrain as it is being traversed. Several methods have been developed to charac­
terise the terrain into types, for example “gravel” , “grass” , “concrete” , “bedrock” 
or “sand”, using both image processing methods and torque measurements from 
the drive motors [21, 22]. When considering regolith-like materials, methods have 
been demonstrated to improve the efficiency of slip-based traction controllers by 
estimation of the mechanics parameters of the terrain [23, 24]. This method 
assumes a constant slip ratio which, while ideal for laboratory experiments, is 
unlikely to reflect real-world conditions.
The results of these approaches all demonstrate the importance of under­
standing the mechanical characteristics of regolith-like materials. Both Bekker 
and Reece proposed methods for estimating sinkage as a function of empirically 
measured soil parameters. These models have shown great success when consid­
ering the very high masses of terrestrial off-road vehicles but lack the accuracy 
needed when applied to small exploration rovers. As such, numerous attempts 
have been made to parametrically redefine these empirical soil characteristics 
[25, 26, 27]. The discrete nature of the respective parameters considered, how­
ever, suggests that the methods must rely on many assumptions regarding the 
general deformation behaviour of the terrain.
Characterisation of terrain shear strength compliments the pressure-sinkage 
response due to the normal load from vehicle weight. A detailed study of the soil 
deformation mechanics relevant to terramechanics concluded that while many 
methods exist to model the terrain strength, too little is known regarding the 
soil parameters of the terrain, particularly in loose lunar regoliths [28]. This is 
an unusual conclusion as the relatively large quantity of lunar regolith samples 
returned by the Apollo missions have allowed the execution of extensive soil 
mechanics testing and characterisation [29, 30]. Conversely, with no samples 
returned from Mars for terrestrial study, the current knowledge-base of martian 
regolith is limited to the basic analyses performed by rovers in-situ. Empirical 
studies using regolith simulants -  terrestrial materials mechanically similar to 
regolith -  are primarily aimed at parametric quantification of force responses at 
the tool level [31, 32]. Only very few attempts to characterise the mechanical 
properties of regoliths have been shown in martian regolith simulants [33].
Therefore, a gap still remains in the understanding of the terrain response 
to low mass rover interaction. Previous research activities at the Surrey Space 
Centre (SSC) have focused on improving the understanding of the performance 
of microrovers on lunar and other planetary surfaces. Following a number of 
laboratory-based development projects, the principles of rover mobility on loose 
regolith were tested practically in the fleld in the SSC entry to the 2008 ESA 
Lunar Robotics Challenge (LRC). The competition tasked the SSC and seven 
other European universities to develop rovers utilising new and novel methods of 
mobility, capable of traversing lunar terrain and, in particular, climb slopes of 
signiflcant grading, similar to that of steep lunar crater walls. However, during 
fleld tests on the slopes of Mt. Teide in Tenerife, the 30 kg tracked rover developed 
at Surrey quickly demonstrated that the tractive performance did not meet the 
expectations set by the performance estimation models. The primary conclusion 
was the deformation behaviour of the gravel and dust terrain did not match
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the mechanical terrain strength estimates used in the performance estimation 
models. Detailed accounts of the LRC and the design, construction and testing 
of this robot have been formally published in [34, 35].
Therefore, despite having many examples of interaction with planetary rego­
lith, still little is known about the mechanics of its strength and deformation, 
its trafficability, or the ability of the terrain to support traction. Traditional 
terramechanics theory does not adequately reflect the terrain trafficability with 
respect to low mass vehicles, thus giving traction estimates with the potential to 
quickly become inaccurate. Consequently, it remains unclear whether low mass 
rovers, including those as small as nanorovers and microrovers, present suitable 
mobile platforms for future planetary exploration missions. As such, the current 
state of the art in exploration rover applications stops at the understanding of the 
mechanical behaviour of planetary terrain and its response to wheeled mobility 
system.
1.2 Scope of the research
This thesis focuses on the soil mechanics of regoliths and the fundamental interac­
tion of granular material with rover mobility system. The scope of the presented 
research is encompassed by three common themes; the mobility of small rovers, 
microrovers and nanorovers on regolith-like materials; the trafficability of lunar 
and martian regolith under low loading conditions; and the soil mechanics which 
govern the strength and capability of frictional, granular terrain to support the 
traction of such vehicles.
The international interest in a high capability, low mass lander payload, such 
as a microrover, means that vehicles typically no more massive than a few tens 
to a few hundreds of kilograms are considered. In the analysis, design and exe­
cution of the experimental work that is described in the following Chapters, the 
scope of the independent parameters is primarily driven by the EADS Astrium 
UK (Astrium) ESA ExoMars rover testbed project, to which the work presented 
in this thesis has contributed [36]. However, the presented designs and methods 
have been deliberately formulated in a way that remains applicable to similar 
low-mass rovers and smaller microrovers. Numerous cases have been presented in 
the literature which demonstrate an interest in the inclusion of micro- and nanor­
overs with lander missions. However, the cost to capability ratio remains high, 
restricting many examples to the technology demonstration phases of develop­
ment. Contributions to the analysis of the capabilities and performance of such 
platforms in terrestrial laboratories are necessary to continue their development 
in the interim. This work will improve the favour ability of proposals to include 
such vehicles in future exploration missions.
When considering the trafficability of lunar and martian terrains, they must be 
considered as unprepared and deformable, as they are found in-situ. Typically, it 
is common to see rover mobility studies focus on the mechanical properties of the 
vehicle, with little regard given to the deflnition of the soil mechanics of the terrain 
analogue. The mechanical properties of granular materials such as regoliths are 
difficult to predict as there remains a lack in the understanding of the deformation 
behaviours at the vehicle-terrain interface. Attempts to apply terramechanics
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performance estimation methods in the laboratory have commonly shown less 
than satisfactory results when attempting to replicate the measured performance 
of small, rover-like mobility systems. To understand why this is the case, the 
effects of terrain density on the tractive ability of exploration rovers used in- 
situ has demonstrated how the soil mechanics of frictional, granular materials 
can change the deformation response and, therefore, the terramechanics of small 
vehicles on such terrain. This thesis will consider these properties of terrain 
trafficability in more depth.
Developing the understanding of rover tractive performance on regolith will, 
therefore, consider the subtle differences in the microscopic or macroscopic soil 
properties that can manifest in localised regions of terrain differing in its traffic­
ability to neighbouring areas, while simultaneously revealing little visual evidence 
of the resulting change. Larger, terrestrial vehicles, more typically considered in 
the field of terramechanics, are less susceptible to such changes, where the higher 
loading conditions increases terrain strength and are less discrete on the scale of 
the vehicle size. For small rovers, however, it is loose, low density terrain which 
provides one of the greatest mobility challenges, with little room for error and 
where a mobility system can quickly become incapacitated. The application of 
terramechanics principles to planetary exploration rover design has highlighted 
such limitations in the respective methods. To determine where a transition 
between “large” and “small” vehicle loading exists would assist in the develop­
ment of future rover systems. Significant reduction in tractive ability has been 
seen in rovers up to the mass of the MERs. Limited data is currently available 
on the much larger MSL rover, however, and future studies may wish to compare 
the soil response and tractive ability to that of smaller, legacy rover platforms.
The presented research, therefore, considers the gaps in the knowledge of 
the mechanics of frictional soil strength, deformation behaviours and how the 
respective properties affect regolith trafficability for small, low mass vehicles.
1.3 Summary o f the research
1.3.1 A im s
Considering the above discussion, the research presented in this thesis intends to 
achieve the following:
• Develop regolith simulants reflecting specific characteristics of the martian 
terrain
• Develop new soil preparation methodologies that allow trafficability char­
acterisation experiments to be performed at specific relative densities
• Perform a detailed mechanical analysis of the regolith simulants to determ­
ine their trafficability properties for the ExoMars rover testbed
• Determine the tractive performance of smaller microrover platforms based 
on this analysis of specific martian regolith classifications
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1.3.2 O bjectives
The following objectives can be defined based on the aims defined above.
• Study the effect of volumetric changes on frictional soil strength
• Prepare literature review of the soil mechanics of frictional materials similar 
to lunar and martian regoliths
• Design and develop engineering soil simulants to provide accurate lunar and 
martian terrain analogues
• Design and develop a methodology to prepare soil samples at repeatable, 
quantified relative densities
• Define and quantify the trafficability characteristics of the engineering soil 
simulants for the ExoMars rover and smaller microrovers
• Design a measurement methodology for the tractive ability of a rover in 
frictional material
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• The selection of regolith soil simulants using soil grading and classification 
by microscopic, physical parameters
• Preparation of soil simulants for small and large scale samples to control 
soil density
• Presentation of new interpretation of regolith parameter selection incorpor­
ating the effects of brittleness and non-elasto-plastic behaviours in terrain 
trafficability
• Characterisation of effects of soil density and brittleness in both normal and 
shear stress conditions analogous to vehicle-terrain interaction
• Demonstration of the change in vehicle tractive ability as a function of soil 
density and brittleness
• Demonstration of the effect of volume of engagement in a soil on the tractive 
ability of microrovers
1.4 Publications
1.4.1 Journal articles
Several of the novel contributions have been formally published in the following 
journal articles:
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• C. Brunskill, N. Patel, T. P. Gouache, G. P. Scott, G. M. Saaj, M. Matthews, 
and L. Cui, “Characterisation of martian soil simulants for the ExoMars 
rover testbed,” Journal of Terramechanics, vol. 48, no. 6, pp. 419 - 438, 
December 2011.
• T. P. Gouache, N. Patel, C. Brunskill, G. P. Scott, C. M. Saaj, M. Matthews, 
and L. Cui, “Soil simulant sourcing for the ExoMars rover testbed,” Journal 
of Planetary and Space Science, vol. 59, no. 8, pp. 779 - 787, June 2011.
The work completed during this research project has also contributed to the 
literature in the following journal articles:
• S. Chhaniyara, C. Brunskill, B. Yeomans, M. Matthews, C M. Saaj, S. 
Ransom and L. Richter, “Terrain trafficability analysis and soil mechanical 
property identification for planetary rovers: A survey,” Journal of Ter­
ramechanics, vol. 49, no. 2, pp. 115-128, 2012.
• A. Bicchi, A. Birk, C. Brunskill, P. Kirchner, V. Lappas, C. Pradalier, S. 
Roccella, C. Rossi, A. Tikanmaki, and G. Visentin, “The ESA Lunar Ro­
botics Challenge: Simulating operations at the lunar south pole,” Journal 
of Field Robotics, vol 29, no. 4, pp. 601-626, 2012.
• C. Brunskill, B. Smith, S. Humphrey, M. Makhlouta, S. Baig, and V. Lap­
pas, “Exploration of lunar craters using a tracked microrover concept for 
the ESA Lunar Robotics Challenge,” Journal of the British Interplanetary 
Society, vol. 63, no. 7, pp. 267 - 277, 2010.
• T. P. Gouache, C. Brunskill, G. P. Scott, Y. Gao, P. Coste, and Y. Gourinat, 
“Regolith simulant preparation methods for hardware testing,” Journal of 
Planetary and Space Science, vol. 58, no. 14 - 15, pp. 1977 - 1984, 2010.
1.4.2 Conference papers
Results from the experimental work performed on in-house simulants at the SSC 
have been presented at the following international conference:
• C. Brunskill and V. Lappas, “The effect of relative soil density on mi­
crorover trafficability under low ground pressure conditions,” in Proceedings 
of the 2009 International Society for Terrain and Vehicle Systems (ISTVS) 
European Conference, Bremen, Germany, 2009.
1.4.3 Technical reports
The simulant selection and characterisation work presented in the following chapters 
has also contributed to the ESA ExoMars rover project, targeted for launch to 
Mars in 2018, in the following technical report:
• C. M. Saaj, G. P. Scott, C. Brunskill, T. P. Gouache, M. Matthews, and L. 
Cui, “Reference soils characterisation for ExoMars rover locomotion subsys­
tem: Final report,” University of Surrey, Tech. Rep. EXM-RM-REPSSC- 
00004 Issue 2, 2010.
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1.5 Thesis structure
The Chapters that follow aim to provide new and novel contributions to the un­
derstanding of planetary regolith trafficability for small rovers. A block diagram 
summarising the thesis structure is shown in Figure 1.2. The introduction to the 
topic provided in this Chapter describes the motivation and relevance of this topic 
to the future of lunar and planetary exploration. Several examples are provided 
to illustrate the problems small rovers have encountered when traversing terrain 
comprised of regolith at differing densities. The principle of terramechanics as a 
means to estimate vehicle performance is also introduced. The discussion demon­
strates a gap in the understanding of how regolith supports the tractive ability 
of low mass rovers. The aims of the research are summarised and the novel 
extensions this field of research are presented. Publications incorporating and 
presenting these contributions to the scientific literature are also summarised.
Chapter 2 discusses existing approaches seen in the literature for the analysis 
and estimation of terrain trafficability and rover mobility. It presents a summary 
of rover systems used in-situ and terrestrial analogues developed for the empir­
ical and experimental methods for the characterisation of new rover systems. 
The semi-empirical principles of terramechanics are introduced, demonstrating 
how tractive ability can be estimated. The basic theory of soil strength in fric­
tional materials upon which terramechanics theory is based is presented. An 
experimental study of in-house SSC regolith simulants is performed to illustrate 
the mechanical nature of “real” , frictional soils, similar to planetary regoliths.
Chapter 3 elaborates on the modelling of the macroscopic mechanical strength 
of soil materials. The methods used to model the deformation behaviours of 
“ideal”, elasto-plastic soils are compared with those behaviours seen in “real” soils 
that are compressible. The theory of critical state soil mechanics is introduced 
to demonstrate how such volumetric changes can be related to the mechanical 
strength and internal stresses of frictional soils. These concepts demonstrate the 
variation in the stress paths as frictional soils are deformed and attempts that 
have been made to apply them to terramechanics theory are presented. These 
fundamental principles of soil strength are extended to incorporate the estimation 
of bearing capacity in “ideal” soils. Semi-empirical modifications to the geomet­
ric models of soil bearing capacity are studied to understand the deformation 
responses seen in “real” soils. These results are compared to the semi-empirical 
methods used in the modelling of terrain trafficability in terramechanics theory. 
Finally, a research hypothesis is formulated based on the use of terramechanics, 
soil mechanics and low-mass rover tractive ability.
Chapter 4 presents an analysis of the microscopic properties of lunar and 
martian regoliths to identify those that affect the strength and deformation be­
haviours studied in Chapter 3. These include particle shape, size and strength, 
bearing capacity and both particulate and bulk densities. Other regolith simu­
lants used terrestrially and the methods and justification of their formulation are 
studied. From these analyses a set of specific regolith categories are identified 
based on the microscopic properties of martian regolith particle size. Using these 
data a set of three new Engineering Soil Simulants are selected. The physical -  
or microscopic -  properties of the soil simulants are characterised and quantified. 
Finally the physical property measurements are used to verify the soil simulants
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against those selected from the study and characterisation of martian regolith 
categories.
Chapter 5 develops the methods for measuring terrain trafficability both in- 
situ and in the laboratory. These methods are used to formulate direct shear 
and pressure-sinkage experiments to determine trafficability parameters in the 
laboratory analogous to those of in-situ soils. An analysis of preparation meth­
ods suitable for the control of relative density in frictional soils is presented. 
Subsequently, preparation methods to provide repeatable, quantified simulant 
samples for trafficability testing, as a function of relative density, are formulated. 
The results of these methods are presented with a discussion summarising the 
suitability and performance both in terms of experimental validity and in com­
parison to in-situ terrain properties.
Chapter 6 presents the trafficability characterisation results and a deep ana­
lysis of the observed deformation mechanics. The experiments performed on the 
respective engineering soil simulants are summarised and the results presented. 
An analysis is performed which focuses on the effects of relative density and mi­
croscopic soil properties on deformation strength and behaviour. The effects of 
brittleness in deformation behaviour due to dilation of the shear zone and the ef­
fects on simulant strength is measured and quantified. This result demonstrates 
the effect of the varying volume of engagement of frictional soils as a function of 
both microscopic and macroscopic properties. The results allow the categorisation 
of deformation behaviours based on relative density and microscopic paramet­
ers. These results are extended into the analysis of the deformation behaviours 
observed during normal loading. Pre- and post-failure deformation behaviours 
are identified in relation to relative density demonstrating the presence of strain 
softening and its sensitivity to soil brittleness.
Chapter 7 takes the engineering soil simulants and results of the trafficability 
characterisation experiments to provide a study of the tractive performance of a 
microrover. The analysis focuses on the effects of variation in terrain trafficability 
on rover mobility, beginning with a demonstration of how the tractive ability of a 
wheel can be estimated using both elasto-plastic and brittle-plastic deformation 
models. These methods are implemented in a traction estimation system includ­
ing a methodology for the selection of soil parameters based on the estimated 
magnitude of the wheel-soil interaction. Model drawbar pull estimates are com­
puted and used to analyse the soil deformation effects captured by the tractive 
ability models. A single wheel testbed and experimental method is formulated, 
designed and built to analyse the trafficability of the engineering soil simulants 
for microrover vehicle systems. The results are used to demonstrate the relative 
effects of sinkage as estimated by the terramechanics models and those observed 
due to slip sinkage.
Finally Chapter 8 presents a summary of the work completed and identifies 
where each research objective has been achieved. The novelty of the research is 
summarised and related to the work presented in this thesis. The final conclusions 
are drawn from the complete body of work. Finally the outcomes of the research 
are used to identify where future work may build upon the contributions of this 
research project.
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Chapter 2 
The tractive performance of 
planetary rovers
The study of tractive ability has formed an integral part of rover development 
throughout the history of their use in exploring space. As a result, rovers have 
been extremely successful in traversing regoliths, despite the challenging nature 
of such terrains. This can be seen in the hands-on experiences of the Apollo as­
tronauts who piloted the LRV across the lunar regolith, for example. Extensive 
terrestrial testing and training allowed these rovers to easily traverse many tens 
of kilometres. However, the direct control of this vehicle allowed much greater 
risks to be taken in terms of rover speed and navigation. Furthermore, a human 
operator was guaranteed to be nearby if (and when) the LRV became embedded 
in the regolith. Subsequent rovers have primarily been targeted at the martian 
surface (with the notable exception of the Lunokhod lunar rovers). Due to the 
inherent communication latency between the Earth and Mars, their operational 
approaches have relied on autonomous systems for navigation and maintaining 
traction. This has forced a far more conservative approach to mobility system de­
velopment, relying more heavily on the accuracy with which tractive performance 
can be estimated.
It is, therefore, unclear as to what accuracy can be achieved when attempting 
to determine the performance estimation of small rovers when using terramechan­
ics. Furthermore, the problem appears to be complicated when considering small 
microrovers. This Chapter aims to address the methods with which rover tractive 
ability is estimated and the challenges in traversing deformable terrain such as 
regolith. Firstly, flight rover mobility systems and their tractive performance in- 
situ on regoliths are presented and reviewed. Terrestrial rover platforms and their 
mobility systems in general are reviewed and the laboratory methods of analysis 
are discussed. The principles of terramechanics are introduced and its applica­
tion to granular materials, such as regolith, are discussed. Finally the limits of 
this approach are examined by the analysis of shear strength data from loose and 
compacted frictional materials, tested in the laboratory under low loads.
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2.1 Planetary exploration rover m obility
Very few planetary exploration missions have included rovers and their use has 
been limited to only the surfaces of the Moon and Mars. However, their use has 
also demonstrated the capability for traversing the regoliths found in these loca­
tions. As such, it is valuable to examine the nature of the mobility systems used 
on these rovers and to review the in-situ tractive performance of the respective 
platforms.
2.1.1 Lunar rover m obility
Rover exploration of the lunar surface is represented by only two different vehicles, 
the American LRV and Soviet Lunokhod rovers. These early rovers reflected 
design drivers differing to those seen in modern rover platforms, primarily in the 
vehicle control. Both the Lunokhod and LRV rovers were controlled by direct 
human interaction, with no automated or autonomous aids. Manoeuvring the 
vehicles required direct application of the skill, experience and quick reactions 
of a human operator. This posed a particularly difficult challenge for the Soviet 
Lunokhod operators, situated on the Earth’s surface and suffering from several 
seconds of command latency.
At the time of their respective developments, little data was available to de­
scribe the nature of the lunar surface. It is, therefore, not surprising to note that 
both rovers used simple, efficient wheeled mobility systems, or that the respective 
wheels of both the LRV and Lunokhod rovers, shown in Figure 2.1, bear many 
similarities. Wire mesh is used in favour of pneumatic tyres, mitigating the risks 
and challenges of puncture and pressure regulation. The mesh-based wheels also 
exhibit good dust rejection, reducing the build up of regolith in and on the wheel 
structure. During development of the LRV mobility system, vehicle engineers ob-
(a) Lunokhod wheel (b) LRV wheel
Figure 2.1: Wheels used on the Lunokhod and LRV rovers (Images courtesy 
NASA/JPL)
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served traction was improved by the increased engagement of loose soil by equally 
spaced grousers [37, 38]. Both designs are seen to utilise large numbers of these 
grousers; thin, upright plates on the Lunokhod wheels and flat, chevron shaped 
plates, covering 50 percent of the LRV wheels.
The primary method for developing thrust from the terrain was achieved 
in both rovers by maximising ground contact area. The Lunokhod rovers were 
equipped with eight large wheels, 51 cm in diameter and 20 cm in width. The LRV 
wheels, unlike the rigid design on the Lunokhod rovers, used flexible wire mesh 
tyres, 81 cm in diameter and 23 cm wide. The deformable nature of this design 
provided two beneflts, cushioning of instantaneous shocks to improve the ride 
comfort, and increasing the wheel-ground contact patch area. The designs both 
demonstrated a good capability to traverse lunar regolith, with both covering 
many tens of kilometres [29]. However, both also suffered occasional traction 
problems in loose terrain, primarily due to sudden changes in terrain trafficability. 
In particular, loose regolith at crater rims was responsible for the temporary 
embedding of both the Apollo 15 LRV and Lunokhod 1 rovers [10, 39].
2.1.2 M artian rover m obility
The exploration of the martian surface has remained primarily the remit of NASA, 
following a series of successful missions and little interest (or success) from other 
agencies. Since the flight of the first NASA Mars rover in the mid-1990s, the 
Mars Pathfinder (MPF) lander and microrover mission, the programme has had 
a strong focus on the use of such platforms to aid in achieving the agency’s 
exploration objectives. The development of a rover design heritage, important 
in any space technology application, has resulted in little variation from early 
mechanical design principles. The result has seen high reliability in the rover 
platforms and continuous extensions to the respective missions. However, the 
distance between Mars and Earth poses greater challenges than those of the 
Moon when attempting to control the rovers as they manoeuvre over the martian 
surface. Communication latencies can be between several minutes and an hour, 
making direct teleoperation of the rover platforms impossible. As such, the safety 
of slow, stable autonomous mobility systems has driven their design for over 20 
years.
Three classes of rover have been driven on the martian surface. The mi­
crorover Sojourner, the MERs, Spirit and Opportunity and as of the 5th August 
2012, the MSL, Curiosity. Examples of the MPF, MER and MSL wheels, shown 
in Figure 2.2, illustrate an iterative refinement of structure, size and surface fea­
tures between each rover generation. The Sojourner wheel is the most basic, 13 
cm in diameter with 1 cm high, toothed grousers. The Spirit and Opportunity 
wheels retain the same simplicity, but reflect the larger, 26 cm diameter neces­
sary to support the larger rover platform. Specific differences are seen in the 
slight bulge in the wheel surface, reducing the torque loading necessary to steer 
the rover. Distinctive spiral spokes are also introduced to allow better absorp­
tion of instantaneous shocks to the suspension system [40]. The 50 cm diameter 
Curiosity wheel is similar to the MER wheel, however, the spiral spokes of the 
MER wheels are replaced in favour of the more mass efficient discrete spoke parts.
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Figure 2.2; The wheels used on the Mars MPF, MER and MSL rovers (Image 
courtesy NASA/JPL)
Flexibility is designed into the wheel structure which allows modest deflection to 
maximise ground contact area and to absorb shocks.
A simple, low height grouser design is seen in both the MER and MSL wheels. 
For the MER landing procedure, which depended upon an air bag impact cush­
ioning system, the grouser design was constrained primarily by the requirement 
to reduce the risk of the wheels snagging in the deflated fabric during disem- 
barkment of the lander platform. However, the similar design used in the case 
of Curiosity, which was deployed directly to the martian surface by sky crane, 
suggests that low grousers are now a preferred approach. As with lunar terrain, 
the similar loose, dry nature of the martian regolith allows improved traction 
with the engagement of a greater volume of the soil.
As with the development process of the lunar rovers, little data on the martian 
regolith was available during the development of the MPF rover. Tractive ana­
lyses of engineering prototypes of the rover, carried out prior to flight, depended 
upon the use of regolith analogues based on simple sand or lunar simulants. The 
tests demonstrated that the Sojourner wheels were capable of climbing slopes of 
up to 32° in dry sand and 17° in a lunar simulant [41]. Once on the martian sur­
face, the terrain was found to be favourable for easy traversal. The surroundings 
consisted of only thin drifts of flne sand, interspersed with rock deposits which 
posed little obstacle to the rover movement [42, 43].
The MER rovers have also demonstrated a good capability to traverse the 
various terrains presented during their respective missions. Notable examples 
include tackling sloped regions into craters and onto sand dunes [44]. Ground 
tests of the MER prototypes indicated a slope climbing ability of approximately 
20° in soft soil [45]. On the martian surface. Spirit successfully climbed 90 m to 
the summit of Husband hill, despite having a faulty right-front wheel, traversing 
solid rock at slopes of up to 30° and soft soil at slopes up to 15° [46]. The 
performance of Opportunity in manoeuvring through loose dust and over rock
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plateaux into, and out of, the Endurance and Victoria craters also exceeded the 
mobility expectations of the rover operators [44, 47].
Considering the success of past Mars rovers, it is expected that the larger 
wheels of the MSL, when coupled with its higher mass, will make the rover the 
most capable to have been used on Mars. The MERs have experienced consid­
erable traction problems in weaker, loose terrain. The conclusion of the Spirit 
mission in 2011 was a direct result of the rover becoming embedded in loose 
regolith (shown in the photograph in Figure 1.1). The unexpected and sudden 
change in terrain trafficability after the failure of the duricrust (a thin, cemented 
terrain surface layer of sand and dust) resulted in excessive sinkage and wheel 
slip as the rover attempted to free itself. The movement of the regolith around 
the wheels resulted in the rover inescapably embedding itself into the terrain [48]. 
Loose terrain was also responsible for embedding Opportunity, when attempting 
to traverse over the peak of a sandy ripple. The weak terrain proved incapable 
of supporting the rover traction, despite being visually similar to previously sur­
mounted ripples. The result was zero movement after 50 m of commanded wheel 
actuation and a long programme of study on the ground to determine a suitable 
extraction plan [49].
2.1.3 Sum m ary
Only a limited number of rovers have traversed the surfaces of the Moon and 
Mars, all of which have used wheel-based mobility systems. This approach is 
seen to provide ample mobility on regolith in general. However, performance 
is dependent upon careful path planning by ground operators. This requires 
extensive and comprehensive ground testing to validate modelled performance 
estimates. Furthermore, all rovers are shown to be vulnerable to embedding in 
loose terrain. In each case, the loss of traction was sudden and unexpected. This 
suggests such terrain properties are not fully understood or incorporated into 
mobility assessment on the ground.
2.2 Rover m obility analysis
As the development of rovers is so heavily dependent upon empirical testing 
methods, it is necessary to consider how the tractive performance of such vehicles 
can be interpreted. The study of terrain trafficability, when combined with the 
analysis of vehicle mobility, provides a basis with which vehicle performance can 
be estimated. Vehicle mobility systems come in many guises, a wheel, a tyre, a 
track or hoof. Terrain may comprise of a prepared surface, such as an asphalt 
road, or unprepared surfaces, such as fields, desert or snow. The geometry of the 
mobility system describes the contact area and load distribution at the vehicle- 
terrain interface, which subsequently determines the extent to which the terrain 
is engaged, generating both thrust and resistance. It is this methodology which 
is referred to as terramechanics.
This section presents the approaches used to study rover terramechanics. It 
will address the requirement for a comprehensive set of rover and terrain para­
meters in order to determine performance by replication of planetary terrain
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properties in the laboratory.
2.2.1 Param etric analysis using terram echanics
The theory of terramechanics is typically used in the development of large, heavy 
(e.g. thousands of kg), terrestrial vehicles and the assessment of their tract­
ive performance. This parametric approach requires inputs comprised of terrain 
strength and geometric and loading parameters of the vehicle mobility system. 
The concept is discussed in further depth in Section 2.3. However, in short, the 
semi-empirical basis of terramechanics means the accuracy of its predictions are 
proportional to the accuracy to which the mechanical parameters of a terrain can 
be described. Figure 2.3 illustrates the link between terrain parameters, vehicle 
parameters and the respective analyses which allow their combination to enable 
the prediction of tractive ability.
The description of the vehicle mobility system incorporates suspension ele­
ments, wheel geometry, grousers or wheel deflection (or the respective track para­
meters). Kinematic models can be developed from such parameters with relat­
ively simplicity. From such models, inertial forces of the vehicle can be defined in 
terms of the mass, mass distribution and centre of mass. These parameters define 
how the vehicle weight is translated into the terrain, the distribution across the 
elements of the mobility system and how those loads might vary during a tra-
Obstacle
distributionT opography
,1_ Suspension
kinem atics
N um ber of 
m obility system  
elem en ts
Vehicle m ass
C ontact a rea
Terrain streng th
Load distributionS hear stren g th
M obility system  
g eom etry
Pressure-sinkage
response
Vehicle mobilityTerrain trafficability
Traction estim ation
Tractive ability prediction 
m odel (terram echanics)
Figure 2.3: The elements of terrain trafficability and vehicle mobility used in 
terramechanics to determine vehicle performance. The complete design of a new 
vehicle would also require the consideration of the elements shown in grey, which 
are included for completeness.
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verse. Dynamic and kinematic analyses of such models can then be performed 
and optimised to improve vehicle performance.
Describing terrain trafficability is somewhat more challenging, but can be 
achieved in part by remote sensing methods. High resolution images of potential 
landing sites can be obtained from orbit and stereo pairs combined to provide 
topographic data [50]. However, description of terrain strength presents further 
challenges as it requires direct, in-situ measurements to be made beforehand [51].
Clearly the analysis of specific sites on a remote planetary surface prior to the 
landing of a rover is not possible. Therefore, the analysis of vehicle traction for 
rover applications must depend upon traction models and experimental valida­
tion on terrain analogues. Both “model” a remote terrain and therefore require 
equally thorough understanding of the terrain mechanics of planetary regolith. 
The development of facilities and materials which accurately represent the in-situ 
terrain provide a basis for rover development. Combination of simulated terrain 
parameters with engineering prototypes of vehicle mobility systems provides the 
means for tractive ability predictions to be determined and tested. Interpretation 
of such results also relies on an understanding of the meaning of the parameters 
describing the terrain. The accurate definition of a terrain analogue or simulant 
is, therefore, fundamental to producing meaningful rover performance estimates.
2.2.2 P lanetary terrain  analogues
Planetary terrains with unknown characteristics can present some of the most 
challenging conditions for rovers to operate on, requiring mobility systems that 
are both adaptive and robust. Traction performance can be tested using carefully 
selected terrestrial locations, which may not necessarily be identical in nature to 
their planetary counterparts. For example, the Rocky 3 rover, a precursor vehicle 
to Sojourner, was tested in a location also populated with vegetation [52].
Alternatively, locations may be selected due to their similarities to lunar or 
martian landscapes. One example of such activity is seen in the NASA Desert 
Research and Technology Studies (D-RATS) group technology development pro­
gramme in the high desert of Arizona, USA. The environmental conditions at this 
location include large temperature ranges, loose dusty terrain, and topographical 
and geological characteristics similar to those found on the surfaces of the Moon, 
Mars and asteroids [53]. The region was initially used as a training ground for 
the Apollo LRV vehicles and today focuses on the testing and construction of 
new human habitats and vehicles for extended surface exploration missions.
The Atacama Desert also demonstrates similarities to the martian surface, as 
it represents one of the driest regions on Earth, is geologically old and almost 
entirely sterile, providing ideal terrain for long-traverse rover mission simulation 
activities [54, 55]. European analogue testing activities have made extensive 
use of the high altitude rock plains on the slopes of the volcano Mt. Teide, in 
Tenerife, Spain. Teide was used as a lunar crater analogue site in the ESA LRC, 
and has been used several times as an analogue for the martian rock fields in the 
development of the ExoMars rover [35, 56].
When outdoor testing is not possible or practical, artificial terrain analogues 
created in the laboratory are useful in providing regions of terrain of known and
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(a) The ESTEC Mars Yard (b) The NASA MER indoor Mars Yard 
(Image courtesy NASA/JPL)
Figure 2.4: Mars analogue facilities, used in the development, testing and opera­
tion of planetary rovers.
quantified properties. Quantification of mobility performance can be improved, 
therefore, by control of terrain material composition, allowing mechanical para­
meters to be accurately characterised. Such laboratories are available at JPL, for 
example, and saw extensive use in the development of the MER rovers [57, 58]. 
After landing on the martian surface these facilities continued to be used to aid in 
rover operations and traverse planning. Indeed, after becoming embedded in the 
loose material at Purgatory, the Opportunity operators performed numerous trial 
operations in a large sand pit, using the MER ground replica model, to optimise 
the manoeuvre regime and maximise traction enabling the rover to successfully 
escape [49]. Similar tests were performed when attempting to free Spirit [48].
Such artificial terrain analogue laboratories are also used at the European 
Space Research and Technology Centre (ESTEC) robotics lab in Noordwijk, The 
Netherlands and the Deutschen Zentrums fiir Luft- und Raumfahrt (German 
Aerospace Centre) (DLR) Robotics and Mechatronics Centre in Oberpfaffen- 
hofen, Germany [59]. These facilities provide a large area for rover traction and 
navigation tests, including slopes, sands and rock distributions. The Astrium 
Mars Yard in the UK also provides a terrain analogue consisting of Mars-like 
sands and rocky obstacles [60]. Photographs of example Mars analogue testbeds 
are shown in Figure 2.4.
Description of the mechanical parameters of a terrain analogue is often over­
looked in favour of a focus on the vehicle parameters alone, despite each being 
of equal importance. The design of terrain analogues in the context of traffic­
ability is seen to focus on topographic and obstacle-based features. Mobility 
challenges are found in the slopes, rocks and other obstacles and provide the 
means to test control methodologies for autonomous navigation. Demonstration 
of tractive ability using a terrain analogue may, therefore, provide misleading 
results where the mechanical properties of the terrain material differ from those 
of in-situ soils. Such facilities are, therefore, targeted at higher level analyses of 
rover tractive ability and are the systems which depend upon the definition of 
mechanical parameters for a given terrain.
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2.2.3 V ehicle-terrain interaction
The application of terramechanics theory to vehicles intended for use on other 
planetary surfaces is discussed in general terms in [28], focusing primarily on the 
methodologies established by Bekker in the 1950s. Characterisation of terrain 
mechanical properties when using this approach is recommended, however, un­
predictability in terrain trafficability is identified as a risk to rover mobility . In 
addition to in-situ observations of rovers attempting to traverse challenging, gran­
ular terrains, the effect of terrain density is also demonstrated in the laboratory 
[15, 61].
The popularity of the Bekker theory of terramechanics to determine terrain 
trafficability has continued through to modern day analyses. This is seen both 
in the use of full-scale rover prototypes or using equipment such as a Single 
Wheel Testbed -  an instrumented wheel supported over a soil analogue -  allowing 
analysis of the vehicle-terrain interface to be carried out in great detail. Careful 
control of lateral and rotational velocity of a mobility system element allows 
for the direct measurement of tractive ability under a variety of experimental 
conditions [62, 63, 64]. The use of terramechanics methods is also seen in the 
development and testing of lunar and martian rover prototypes and flight models, 
for example the Elastic Loop Mobility System [65], ExoMars [66], and in lunar 
rover concepts [16, 67]. Similar analyses of tracked mobility were used in the 
development of the Nanokhod rover and the Japanese “light crawler” [68, 69].
Limitations in the accuracy of performance predictions are seen when attempts 
are made to apply such methods to smaller vehicles such as microrovers. Analysis 
of microrover tractive ability estimates, incorporating empirical factors relating to 
wheel load and terrain response, are discussed in [7]. Subsequent tractive testing 
of a microrover wheel using martian soil simulants was found to be a good fit to 
the predicted performance [61]. However, examination of the performance data 
of a second, wider wheel, showed the same model to over-predict tractive ability. 
Conversely, the model was found to under-predict performance of a larger MER 
wheel. Modification of this model to estimate sinkage as a function of slip ratio 
provided improved performance estimates of the second wheel. However, despite 
a slight improvement in predicting the MER wheel performance, the values re­
mained under-estimated. Similar problems have been identified when attempting 
to predict the tractive ability of tracked microrovers. A 2 kg tracked microrover 
was used to measure the slip ratio under a range of loads resisting forward mo­
tion in [70], where the results indicated an over-prediction of performance on 
loose sand. The problem of predicting microrover tractive ability relates to the 
understanding of terrain trafficability under such low loads. Indeed, understand­
ing in general of how stress is distributed within a granular material remains one 
of the largest challenges in terramechanics.
To overcome the difficulties in predicting rover tractive ability it is, there­
fore, necessary to consider the mechanics of the terrain-vehicle interface. The 
parametric approach has been used to great effect by characterising, for example, 
the effect of sinkage [19], grousers [71] and wheel diameter [26] on tractive ability. 
These approaches focus primarily on the rover mobility, however, and assume very 
specific knowledge of the terrain parameters are available. Efforts have been made 
to address the problem of terrain trafficability and its observed unpredictability.
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On-line estimation methods of terrain parameters based on real-time analysis of 
wheel performance parameters such as slip ratio and sinkage are demonstrated in 
[23] and [72]. Such methods present promising results, however, the dependence 
on real-time measurements of performance parameters is not guaranteed to be 
practical in the field.
2.2 .4  Sum m ary
The performance estimation of rover tractive ability is seen to depend on a large 
number of parameters which describe the mechanics of the terrain-vehicle system. 
Performance analyses can be obtained by the development of terrain analogues 
and vehicle prototypes. However, estimation of rover performance requires a more 
detailed understanding of the interaction between vehicle and terrain. Applica­
tion of terramechanics for the estimation of rover traction on deformable soils, 
including regolith-like materials, is used in practice. However, it is seen to give 
poor estimations when considering microrover platforms. Gloser analysis of the 
effect of specific performance parameters on tractive ability can provide the means 
to improve such estimates, but typically rely on the availability of the mechanical 
parameters describing the terrain. Often in such cases, little discussion of the 
characterisation methods used to determine soil parameters provided, and gener­
alised or averaged values are assumed to be adequate. Gonversely, methods used 
to estimate terrain parameters in-situ have been proposed but depend upon the 
availability of performance measurements.
However, such considerations do not address the problem of the unpredictable 
nature of granular soil strength. Statistical and numerical models, such as those 
used in Discrete Element Modelling (DEM), have been used with some success 
in this respect [73]. However, such models are typically highly computationally 
intensive. Moreover, without deeper understanding of the physical characteristics 
of the particle-particle interaction, limitations have been found when compared to 
constitutive model results. This demonstrates a fundamental lack of understand­
ing in the mechanical behaviour of deformable soils which must be addressed.
2.3 Estim ation of rover m obility using terramech­
anics
Having discussed the application of terramechanics to rover mobility analysis, 
this section will consider the underlying principles, describing the link between 
terrain strength and vehicle thrust. An overview of the mechanics of soil strength 
is used to illustrate the nature of lunar and martian regolith and its role in tractive 
ability.
The theory presented in this section depends upon two basic assumptions. 
Firstly, that the vehicle mobility element in contact with the terrain is rigid and 
secondly that the terrain is mechanically deformable. This reflects the nature of 
the primarily rigid wheels used on planetary rovers and the deformable nature 
of regolith. An exception is seen in the ExoMars rover, however, that will be 
equipped with a flexible wheel design. Deflection of the wheel surface due to the
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Elastic range
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Figure 2.5: Idealised elasto-plastic deformation plot (after Wong [76])
rover weight increases the area of the contact patch on the terrain, effectively in­
creasing the wheel radius and improving tractive ability [73]. Further work on the 
development of an analytical model for flexible wheel tractive ability estimation 
has been carried out by Favaedi in [74] and [75]. The following section uses the 
the simpler rigid-wheel model to retain the focus on the mechanical properties of 
the soil, rather than wheel geometry.
2.3.1 Soil thrust
The thrust generated by a mobility system from the terrain is characterised by 
both the deformation behaviour and the shear strength of the soil [76]. This 
relies on two assumptions, firstly that the elastic behaviour can be described by 
means of a single deformation modulus, and secondly that the soil acts as a rigid 
plastic material with constant strength at equilibrium after failure [77]. The shear 
deformation of a soil is often modelled as an elasto-plastic system. An idealised 
interpretation of this form of material failure is shown in Figure 2.5. The elastic 
region. A, is typically assumed to be negligible in off-road applications, as the 
stresses quickly result in soil deformation with little or no recovery. During failure 
from loading by a vehicle, a soil transitions through plastic failure to the point 
of plastic equilibrium, region B. Once in plastic equilibrium small increases in 
stress produce large soil displacement and thus material failure and deformation 
is seen, manifested in vehicle-terrain interaction as wheel slip ratio and sinkage.
Shear strength is a function of two empirically measured parameters, the 
cohesion and angle of internal friction. Entirely cohesive soils, such as clays 
and saturated granular materials, have a tendency to adhere to themselves even 
when deformed. Conversely, frictional soils are granular materials which develop 
strength primarily through the frictional properties of the individual particles, 
inter-particle forces are assumed to be negligible. The strength of any given 
soil is produced through a combination of cohesive and frictional forces. The 
stress-strain relationship of soil deformation is commonly represented using the 
Mohr-Coulomb failure criterion.
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T =  C +  cr tan 0, (2.1)
which described the maximum shear stress r  a soil can support under a normal 
stress a using the soil strength parameters, cohesion c and angle of internal friction 
0.
2.3.2 Slip
During deformation of a soil, resistance due to the rearrangement of the soil 
particles produces the increasing shear stress which converges to a constant stress 
at the residual strength. In terramechanics this point of constant stress is typically 
referred to as the point of plastic equilibrium. Consider the illustrations shown 
in Figures 2.6a to 2.6c. Initially, the particles are found in a disorganised nature 
in an undisturbed soil sample prior to displacement. As soil shear begins, the 
particles are forced over one another, producing shear resistance. Given sufficient 
displacement, particle rearrangement settles into the lowest entropie state, the 
plastic equilibrium. This is the the point of maximum shear strength where a 
thin layer of particles rolling over one another forms a discrete shear plane. The 
development of soil strength is, therefore, a function of the terrain deformation, 
providing the basis for soil strength estimation under a mobility system as a 
function of vehicle slip ratio.
Displacement of the terrain by a mobility system results in wheel slip ratio 
which, as a result, is responsible for the development of soil strength as shear dis­
placement (jf) increases. The response produces a steady increase in soil strength 
as it is deformed laterally by a mobility system, until a steady state -  the shear 
strength -  is reached. Figure 2.6d illustrates the model response of soil strength 
with increasing shear displacement. The mechanical stress in an undisturbed soil 
sample (Figure 2.6a) starts at point A. During the turbulent stage (Figure 2.6b) 
the stress increases, shown in region B. Finally, the soil state transitions to the 
point of plastic equilibrium in region C, where the stress remains constant (Fig­
ure 2.6c). The magnitude of the displacement is captured by the slip ratio (%), 
the ratio of vehicle velocity to wheel speed.
i =  (2.2)
ruj
for a given wheel velocity V, radius of r and angular velocity uj. Shear dis­
placement (j) for a given slip ratio at a specific point (x) from the front of the 
wheel-terrain interface is defined as
j  = ix. (2.3)
The curve in Figure 2.6d is modelled as an exponential function of shear 
displacement [78]. The form of the response is defined by the empirical shear 
deformation modulus (k) to provide an estimation of shear strength at any given 
point X  along the wheel-terrain interface for a maximum shear strength (rmax)- 
Assuming a slip ratio oi i = j/x^
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(a) Disorganised particles (b) Rolling particle interac­
tion as shear starts ted line) at point of plastic 
equilibrium
Shear displacement (j)
(d) Model response of soil strength with shear displacement. Re­
gions A, B and C correspond to soil behaviour in 2.6a, 2.6b and 
2.6c, respectively.
Figure 2.6: Mechanical behaviour of granular soil during shear displacement
7” — TVi (1 (2.4)
Shear displacement can, therefore, be seen as an indication of vehicle efficiency 
on any given terrain. Slip ratio is necessary to develop thrust from the terrain, 
however, an excessive slip ratio requires larger input of energy to achieve an 
equivalent traversal distance.
2.3.3 Terrain resistance
The development of thrust requires work to be done to deform the terrain. There­
fore, a resistance force {R) is seen to work against vehicle thrust. This force is 
primarily considered to be the work done in compacting the terrain, defined by 
the relationship between normal load pressure and the resulting sinkage. The 
problem of describing this process analytically has proven difficult, particularly 
in terms of terramechanics applications. Standard approaches are typically based
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on logarithmic curve fits, such as the Bekker method which is based on the Bern­
stein equation, used to relate pressure (p) with sinkage {z) using the empirical 
soil stiffness coefficient {k) and soil exponent (n),
p = (2.5)
Bekker identified that the sinkage response of soils under normal loading was 
proportional to the loading plate size, and expanded equation (2.5) to include 
two further empirical parameters, the coefficients of soil cohesion {kc) and angle 
of internal friction {k^) [12],
p = +  k(^  z". (2.6)
Despite some of the challenges this formulation of the pressure-sinkage equa­
tion has seen in its application to small rover performance estimation, it remains 
popular today, having seen use even on the martian surface as part of the traf- 
ficability testing during the eflforts to free Spirit [48].
An in-depth study of the Bekker model performed by Reece, however, raised 
several points regarding its suitability as a general solution to pressure-sinkage 
estimation [13]. The fundamental concerns considered the Bekker approach to 
be oversimplified, with little experimental data to support the method. Instead, 
Reece took the approach of applying more fundamental soil mechanics theory 
based on the force applied by a cutting blade to a soil at failure. Pressure is, 
therefore, defined in terms of several N  factors, typically dimensionless paramet­
ers which are functions of the angle of internal friction. Here, it is assumed p 
represents the surcharge pressure on the soil, and for a given soil weight density, 
7,
p = cNc +  jhNj.  (2.7)
In this example, however, definitions have not yet been found for the bearing 
capacity factors Nc and in terms of angle of the angle of internal friction. 
Consequently, an empirical relationship between these factors and the ratio of 
z/b  was proposed,
. (28 )
This equation incorporates dimensionless empirical factors for the coefficients 
of soil cohesion (fc') and angle of internal friction (AA), as proposed by Reece. The 
inclusion of a weight density factor is notable, however limited by the assumption 
that the soil is incompressible. This will not be the case for loose, dry mater­
ial such as regolith. The limitations of equation (2.6), as suggested by Reece, 
were not overlooked by Bekker. Importantly, the problem of scaling to smaller 
vehicles was raised. It was suggested that a lower wheel diameter limit of 50 
cm is assumed, after which the model was not seen to provide accurate sinkage 
estimations. Furthermore, large sinkages also reduced the accuracy of the Bekker 
pressure-sinkage equation [12]. Both factors illustrate the assumption that the 
wheel is acting as a flat plate, where in smaller wheels or higher sinkage this is 
clearly not the case. Reece also noted a similar limitation in minimum plate size
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DP
Figure 2.7: The force equilibrium between a rigid wheel and deformable terrain
when testing equation (2.8), and suggested that diameters less than 5 cm induced 
soil failure modes other than a general shear [13].
2.3 .4  Tractive ability
When a vehicle mobility system engages the terrain the soil in contact with and 
in the area surrounding the vehicle responds with a mechanical behaviour defined 
by its physical nature. As the interaction of a vehicle with such terrain results 
in soil deformation and shearing, the net thrust is limited by the soil strength 
when considering deformable terrain. Using the force definitions above, a vehicle 
performance metric can be defined based on its capability to generate traction -  
or thrust -  from the terrain. In principle, the net thrust, or drawbar pull (DP), 
is simply the sum of the total tractive force (H) and soil resistance force (R), 
where DP = H  — R. In practice, however, drawbar pull is the equilibrium of the 
lateral and normal force elements of soil shear from drive torque and compaction 
due to the vehicle weight.
To illustrate the distribution of stress transferred from a vehicle to the ground, 
consider the general wheel-terrain system in Figure 2.7 for a wheel travelling at 
absolute velocity V. Assuming for a sinkage z the shear stress r  is developed 
due to drive torque T on the contact patch and the normal pressure p is equal to 
normal stress a, the tractive ability for a wheel of radius r  and width b is
H = rb (c +  a(0) tan (l — cos(6) d6, (2.9)
Jo
where a{6) is the normal stress due to the vehicle weight W at a sinkage 
corresponding to the contact angle 6. Assuming a radial response to the wheel 
normal load, the soil resistance to vehicle thrust is the horizontal component of 
the pressure force.
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çOq
R  = rb a{9) siiï9 d9. (2.10)
Jo
Drawbar pull is the difference in thrust and resistance for a given weight 
equilibrium, defined as the respective horizontal components of the shear and 
normal stresses [15]. The force equilibrium for a wheel in deformable terrain is, 
therefore, defined as
DP = rb 
W  = rb
■ pOo p0Q
/ r{9) cos 9d9 — / a(9) sin 9 d9
Jo Jo
f a{9) cos 9 d9 f t {9)s ïd .9d9
Jo Jo
(2.11)
(2.12)
It follows that the axial torque of the wheel can also be estimated by the same 
approach. For a wheel contact patch area A
T =  f rr{9)dA= f rT{9)brd9 = r^b f r{9)d9. (2.13)
Jo Jo Jo
Estimation of wheel torque is useful where the drive system is equipped with 
torque sensors, as in some cases it will allow for the derivation of further unknown 
geometric parameters.
Inspection of the wheel-force equilibrium equations illustrates the inherent 
dependence of the terramechanics approach on the accurate description of the 
mechanical behaviour of the terrain. Understanding the shear and normal stress 
response of a given soil is crucial to the prediction and interpretation of perform­
ance data when analysing tractive ability.
2.3.5 Sum m ary
The use of the theory of terramechanics is seen to depend upon prediction of the 
mechanical nature of the soil behaviour, as defined by the Mohr-Coulomb failure 
criterion. Definition of the terrain strength allows the stress distribution imparted 
by a vehicle mobility system to be defined and the thrust and resistance presented 
by any given terrain estimated. The shear strength of a terrain represents a 
steady-state condition and the development of strength is defined by empirical 
models which capture both the effect of slip ratio and sinkage. Such estimates of 
shear and normal stress are shown to form the fundamental parameters of tractive 
ability. However, neither are seen to address the effect of changes in density or 
strength for a given soil. Indeed, in granular materials such as regolith, loosely 
compacted regions of the terrain are seen to be distinctly compressible. The 
pressure-sinkage relationship is specifically limited in describing the soil behaviour 
both in terms of small rovers and microrovers, where the change in density during 
deformation is proportional to rover mass.
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2.4 Trafficability analysis of regolith-Iike soils
It is seen that a relatively general approach is taken in the characterisation of soil 
strength for its application in terramechanics. The analysis of the soil mechanics 
is of particular importance when describing terrain trafficability and the tractive 
ability of a vehicle. Furthermore, there is evidence to suggest that the nature 
of the mechanical behaviour of loose, granular regolith-like materials does not 
always follow the modelled behaviour. Specifically, the theory of terramechan­
ics as presented in Section 2.3 is dependent upon the mechanical nature of the 
terrain to be predictable by means of the Mohr-Coulomb failure criterion. It is 
assumed that as a regolith-like material deforms it does so in a perfectly plastic­
like manner, retaining bulk properties such as density. Further examination of 
regolith-like, loose, granular materials will illustrate how this assumption does 
not always hold in loose granular material.
2.4.1 In-situ  regolith  properties
It has been established that the lunar and martian regolith demonstrate differ­
ences in bulk properties, which in turn will affect vehicle tractive ability. Analysis 
of data from the Apollo, Luna and Surveyor missions suggest the density of lunar 
regolith can vary between 1 g/cm^ and 2 g/cm^ [30], and is seen to increase 
sharply within depths of 10 to 20 cm. Data from the martian Viking landers, 
MPF and MER suggest similar density estimates in martian regolith [79, 80]. 
Figure 2.8a presents data measured using in-situ tests on the lunar surface and 
terrestrial experiments with regolith simulants, illustrating a possible relation­
ship between angle of internal friction, cohesion and density [29]. However, it is 
difficult to extrapolate information from such data. In the example shown us­
ing a lunar regolith simulant, the plot suggests a relationship between angle of 
internal friction and cohesion, which are seen to be independent parameters in 
equation (2.1). Furthermore, measurements are only presented for friction angles 
of between approximately 32° and 47°. These values are typical for a granular 
material but the extrapolation of the relationship in relative densities of between 
0 to 30 percent and 80 to 100 percent is questionable, as it is unusual to find 
frictional materials with such properties. Similar data exist for martian regoliths 
and their terrestrial analogues, shown in Figure 2.8b [33]. However, too little 
data is presented to draw meaningful conclusions.
2.4.2 SSC soil sim ulants
Regolith is comprised of loose, granular dust, sand and rocks, which is seen 
to present some of the greatest challenges to rover tractive ability. As such, 
two regolith simulants are available at the SSC which replicate these properties. 
Their physical and mechanical parameters have been studied thoroughly [81, 82], 
providing parameters which have enabled their application in further research 
areas, including martian drill studies and analysis of the mechanical behaviour at 
extremely low normal loads [83, 84]. The analysis which follows aims to examine 
the effect of density on strength in granular soil experimentally, and is based on 
a similar study presented by the author in [85].
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Figure 2.8: Data examining the relationship between soil cohesion, angle of in­
ternal friction and density
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Simulant physical properties
The two simulants, Surrey Space Centre simulant 1 (SSC-1) and Surrey Space 
Centre simulant 2 (SSC-2), are granular materials procured off the shelf in bulk 
quantities. SSC-1 is a coarse, dusty silica sand, prepared before use by sieving 
through a gauze allowing particles no larger than 1.3 mm in diameter to pass. All 
pebbles and rocks were removed entirely. SSC-2 is very fine garnet sand, provided 
by the supplier clean and free of detritus, with no further preparation necessary 
before use.
Density
Minimum density of both simulants was determined by volumetric measurement 
using the ASTM D4254-00 standard [86]. A sample is mixed with water in a meas­
uring cylinder which is inverted. Once settled, the sample volume is measured. 
Maximum density was estimated to be 5% greater than the maximum density 
possible by manual compaction by hand [83]. The density ranges of SSC-1 and 
SSC-2 were measured as 1.38 g/cw? to 1.80 g/cm^ and 1.95 g/cm^ to 2.50 g/cm^, 
respectively.
Grain size and shape
Samples of SSC-1 and SSC-2 are shown in Figure 2.9 at bulk and particulate 
scales. The SSC-1 particle shape is sub-rounded to rounded, whereas SSC-2 is 
sub-angular to angular. The ASTM D422-63(2002) standard was followed to 
determine Particle Size Distribution (PSD) using a mechanical sieve shaker [87] 
and the SSC-2 PSD data is taken from the product information sheet (shown in 
Appendix A). The measured particle size distributions are typically quoted as 
the sizes between “D20” and “D80”, i.e. those particles which are greater in size 
than the smallest 20 percent and smaller in size than the largest 20 percent (by 
weight) of the total material.
The PSD of both simulants is shown in Figure 2.10. SSC-1 shows a moderate 
slope in the D20-D80 region, indicating a well graded range of particle sizes 
between approximately 150 and 400 fim. The top and bottom 20 percent also 
show a gentle slope, indicating a mix of particles of 60 to 150 /xm and 400 to 
1000 /im are also present in small quantities. SSC-2 is more uniformly graded, 
indicated by the steeper slope. The D20-D80 particle size range lies between 
approximately 45 and 75 /im. The steep slope outside of this range indicates 
little change in the particle grading in the remaining material.
2.4.3 Shear test m ethodology
Direct Shear Testing (DST) provides a method with which the shear strength of 
a soil can be measured. Analysis of shear test data from the same soil at several 
normal stresses allows cohesion and angle of internal friction to be measured. 
The test methodology followed the ASTM D3080-04 standard procedure (the full 
description of this method is discussed in Chapter 5) [88]. Each sample was 
sheared at the maximum rate permissible by the DST apparatus: 2 mm/minute. 
Readings were taken manually using an analogue gauge with a displacement range
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(a) Optical microscope image of SSC-1 
grain shape (courtesy [83])
(b) SSC-1 bulk sample
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(d) SSC-2 bulk sample 
Figure 2.9: SSC-1 and SSC-2 soil simulant images
(c) Scanning Electron Microscope 
(SEM) image of SSC-2 grain shape
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Figure 2.10: Particle size distribution of Surrey soil simulants SSC-1 and SSC-2. 
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of 12mm and precision of 0.002mm/Div. Values were read at 5 division intervals 
for the first 5 mm of horizontal displacement and 10 division intervals for the 
remaining 5 mm displacement. Selection of normal loads was based on replicating 
those of a microrover and assumed a mass of no greater than 15 kg supported by 
four to six wheels, each producing a nominal contact patch of 6  cm^ (equal to 
the area of the shear box used to contain the test sample). The maximum load 
stress at each wheel of such a rover (i.e. 15 kg with 4 wheels) would be no greater 
10 kPa. Load masses of 0.5 kg, 1.5 kg and 2.5 kg, in addition to the hanger and 
top cap masses, produce total load stresses of 3.51 kPa, 6.28 kPa and 9.09 kPa, 
respectively.
2.4.4 Sam ple preparation m ethodology
Each simulant was prepared at two densities, loose and compact. Compact 
samples were prepared outside of the direct shear apparatus by placing the simu­
lant into the shear box in three layers, manually compressing the material using a 
wooden block between each layer. The preparation of loose samples followed the 
procedure presented by Scott in [83], using a hopper equipped with a variable- 
width slit in the base, as shown in Figure 2.11. Thin layers of simulant were 
deposited from a height of approximately 20 to 23 cm. As movement of the shear 
box was seen to disturb the sample and affect the density, each test sample was 
prepared with the shear box in the direct shear apparatus.
Both loose and compact sample density was determined by measurement of 
the sample volume and mass. The repeatability of each method was determ­
ined by preparation of samples on the laboratory bench. Compact density was 
measured for each test sample. The density of loose test samples could not be 
measured while the shear box was mounted in the apparatus. The loose dens-
Figure 2.11: Pluvation hopper used to prepare low density DST samples (DST 
shear box shown lower right)
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ity of each sample was, therefore, assumed to match that of the average density 
from three loose samples prepared on the laboratory bench. In both SSC-1 and 
SSC- 2  the standard deviation of the samples prepared for measurement of the 
loose density was under 2  percent, suggesting similarly careful preparation of test 
samples would not result in an undesirable, wide range of densities. The two 
preparation methods produced average low and high densities of 1.62 g/cm^ and 
1.71 g/cm^ for SSC-1 and 2.23 g/cm^ and 2.38 g/cm^ for SSC-2 .
2.4.5 M echanical strength  and density
Using the above methods, four series’ of direct shear tests were performed to 
collect shear strength data for SSC-1 and SSC-2 at both loose and compact dens­
ities. The stress measurement data for both simulants are shown in Figures 2.12 
and 2.13. Each test was repeated four times to aid in the identification of an­
omalous results. The average stress for the final 3 mm of displacement was used 
to determine shear strength and the values of each repeat averaged to determine 
a final shear strength for each test condition. These data are plotted in Figures 
2.14 and 2.15, which illustrates the measured and extrapolated failure envelopes 
for both the loose and compacted samples.
Looking firstly at the deformation behaviours in Figures 2.12 and 2.13, it is 
clear that the nature of the responses do not match that assumed in the expo­
nential slip model shown in Figure 2.6d. Instead, the stress peaks in the initial 
stages of deformation and reduces to a constant, lower stress value. This is seen 
in both SSC-1 and SSC-2 , with the exception of loose samples of SSC- 2  where the 
magnitude of the peaks are lower than under all other conditions. The average 
strength after 1 0  mm of displacement only shows a small increase when sample 
density is increased, however, this result is consistent in both SSC-1 and SSC- 2  
under all three normal load conditions.
The shear stress data are plotted against normal stress in Figures 2.14 and
2.15. These are the failure envelopes which define the soil strength at failure. 
It is these results which are directly applied in terramechanics when estimating 
the terrain strength. Examination of soil strength in this form allows easier 
interpretation of the mechanical behaviour of the soil. Indeed, inspection of 
the SSC-1 strength data in Figure 2.14 suggests a more ambiguous relationship 
between density and mechanical strength. The average strength at the lowest 
normal stress is almost identical, yet at the highest normal stress there is a clear 
difference. However, the error margins make drawing comprehensive conclusions 
based on this data alone difficult. A density-strength relationship appears to be 
more clearly visible in the SSC-2 data shown in Figure 2.15. Compact samples 
are of consistently higher strength than loose samples tested at the same normal 
stress. Furthermore, the error margins are of a lower magnitude making the result 
less ambiguous. The cohesion and angles of internal friction are found from the 
y-axis intercept and failure envelope gradient, respectively.
Tables 2.1 and 2.2 summarise the stress data and present the resulting mech­
anical parameters. The angles of internal friction measured in SSC-2 are similar 
and, as illustrated by the two distinct failure envelopes, an increase in cohesive 
strength with sample density is seen. This behaviour also represents a difficult
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Figure 2.14: SSC-1 shear strength failure envelope (error bars represent standard 
deviation of residual shear stress measurement mean)
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Figure 2.15: SSC-2 shear strength failure envelope (error bars represent standard 
deviation of residual shear stress measurement mean)
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Density Normal pressure Shear stress* Effective friction Effective cohesion
[g/crn )^ (kPa) (residual) (N) angle (°) (kPa)
Low density 
(1.62)
3.51
6.28
9.09
3.63 (048) 
6.33
8.09 (0.35)
38.64 0.98
High density 
(1.71)
3.51
6^8
9.09
3.78
6.45 (0.52) 
9.14 (0.85)
43.85 0.41
Standard deviation shown in brackets
Table 2 .1 : SSC-1 soil simulant direct shear results
Density Normal pressure Shear stress* Effective friction Effective cohesion
{g/cm^) (kPa) (residual) (N) angle (°) (kPa)
Low density 
(2.23)
3.51
6^8
9.09
4.57 (0.28) 
6.81 (0.18) 
9.75
42.87 1.20
High density 
(2.38)
3.51
6.28
9.09
5.32 (0.32) 
8.03 (0.50) 
10.34 (O.U)
41.97 2.24
Standard deviation shown in brackets
Table 2.2: SSC-2 soil simulant direct shear results
result to interpret, as on inspection of the physical properties of the material it 
is seen to be loose, dry and free-flowing when poured (see Figure 2.9). However, 
it is apparent that strength does increase in more compact samples. Explana­
tion of this behaviour will require further study of the soil mechanics of granular 
materials and examination of their physical properties.
2.4.6 Sum m ary
The observational evidence of in-situ rover performance on regolith suggests that 
density significantly affects tractive ability. Regolith simulants tested under labor­
atory conditions also suggest the values of cohesion and angle of internal friction 
for a given soil are directly related to the soil density (see Figure 2.8). As will be 
discussed later in this thesis, these observations are well understood in the wider 
soil mechanics and geotechnics literature (e.g. see [89, 90, 91]). However, while 
notable works exist characterising the relationship between relative density and 
the mechanical parameters of regoliths, in particular those of the lunar surface 
[30, 92, 93], little effort has been seen to date in studying this effect on the terrain 
trafficability for small, planetary exploration rovers.
To further examine this behaviour, two loose, granular materials, similar in 
nature to the regoliths found on both the martian and lunar surfaces, have been 
tested by direct shear at two distinct, controlled densities. The mechanical be­
haviour during deformation is seen to show a stress peak before reducing to a 
constant, final stress. The effect of density on the mechanical strength of these 
materials is seen to varying extents but is most clear in SSC-2, a very fine garnet 
sand, where higher residual strength is seen in the compacted samples. How­
ever, the measurement of apparent cohesion is not seen to reflect the free-flowing 
nature of the simulant materials.
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Work can be found in the literature that studies such effects in terrain dens­
ity on terrestrial vehicle terramechanics (particularly tracked and agricultural 
vehicles [94, 95, 96, 97]), however little work has yet been performed in the con­
text of the low loads imparted by small rovers that deform the terrain at low rates. 
Further analysis of the effects of the physical properties of granular material, its 
bulk density and particulate density, particle shape and size, on soil strength is 
necessary to determine the nature of the soil deformation in the context of rover 
tractive ability.
2.5 Conclusions
The use of rovers on remote, planetary surfaces allows for the exploration of re­
gions normally inaccessible to humans. This approach to exploration has been 
demonstrated as being a valid and capable method, not least through the unpre­
cedented successes of the MER missions. However, despite these practical cap­
abilities, traversing loose regolith terrain remains challenging due to the unpre­
dictable nature of its trafficability. Traversals and manoeuvres must be carefully 
planned before implementation in the field, and the development of new rover 
mobility systems must rely on measurements taken under laboratory conditions.
Modern rover development and operations programmes, such as the ESA Exo- 
Mars or NASA MER missions, have seen the use of the theory of terramechanics 
to aid in the prediction of tractive ability, based on the parametric analysis of 
vehicle mechanics and terrain strength. To ensure meaningful estimates are made, 
a thorough understanding of the terrain mechanics is required. It is seen that 
the characterisation of trafficability is often given only limited analysis. This 
oversight makes the respective analysis of tractive challenges, such as traversing 
regolith of changeable trafficability or estimating the performance of very small 
microrovers, a challenging process.
Analysis of the methods used in the application of terramechanics theory 
demonstrates why appropriate characterisation of the mechanics of the terrain 
strength is crucial. Specifically, the mechanical description of granular soils after 
failure assumes the behaviour to follow that of a rigid plastic, i.e. a homogeneous, 
isotropic body of material of constant strength. This is necessary to determine 
the force equilibrium at the wheel-terrain interface. However, it is suggested 
that the terrain strength is linked to density, a factor which changes in regolith 
during deformation as it is compressed. Direct shear testing of loose, granular, 
regolith-like materials has demonstrated that, under certain conditions, density 
can result in changes to soil strength. However, the results only partially answer 
the question of whether such characterisation of terrain strength can produce 
useful results in terms of small or microrover performance estimation. Further 
analysis of the fundamental soil mechanics upon which terramechanics is based 
is required. This will address the nature of the mechanisms which produce the 
observed behaviours in granular materials under rover-like loading conditions.
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Chapter 3 
Soil mechanics and terrain  
trafficability
The principles of off-road terramechanics were shown in Chapter 2 to utilise soil 
strength as a fundamental measurement of terrain trafficability. By determining 
the strength of any given terrain the performance of a rover can be estimated. 
However, this relies on the material remaining homogeneous and isotropic during 
and after failure, which is not the case when considering compressible soils such 
as regolith. Instead, the effect of density must be considered when analysing soil 
strength in granular, frictional materials.
The Mohr-Coulomb failure criterion states the relationship between normal 
and shear stress in a soil mass may be described by the general principle of static 
stress. In an “ideal” soil, therefore, it is assumed the soil deformation reflects 
a rigid-plastic or elasto-plastic response. This is also the case in the terramech­
anics analysis of terrain trafficability. However, this description of mechanical 
strength does not consider the deformation behaviour before failure, in particular 
specific to dry (drained), granular, frictional soils. The particulate structure of 
granular, frictional soil is complex in its nature and “real” soil is not a continuum 
of solid material, but comprised of discrete particles of varying size and shape. 
The property of such soils can change the mechanical nature of the soil as it is 
deformed. This can make measurements of the mechanical parameters of a soil 
easy to misinterpret or, indeed, misrepresentative of the terrain strength.
This chapter will address the mechanical nature of granular, frictional soil, its 
behaviour under deformation and the resulting strength. The principles of stress 
states will be discussed using the assumption that the terrain behaves as a rigid 
plastic, to provide a context against which the effects of relative density can be 
compared. The mechanics of granular, frictional soil strength and how the stress 
during failure is affected by density is used to illustrate the stress states such 
soils pass through as they approach their residual strength. The theory of critical 
state soil mechanics is used to demonstrate the response of compressible soils 
before and after failure. The comparative behaviours of “ideal” and “real” soils 
are then discussed, introducing the concept of ultimate bearing capacity of soil. 
Finally, the analysis methods of rigid and compressible soil bodies under normal 
loads are discussed from the perspectives of soil mechanics and terramechanics. 
This addresses their relative merits and identifies the limitations of the empirical 
approaches used.
39
3.1. MODELLING TERRAIN STRENGTH AS A RIGID-PLASTIC MEDIUM
3.1 M odelling terrain strength as a rigid-plastic 
medium
A vehicle traversing a deformable terrain must develop thrust from the surface 
material in order to propel itself forward. The maximum thrust available is 
dependent upon the mechanical shear strength of the terrain material. The force 
equilibrium model used in terramechanics incorporates the Mohr-Coulomb failure 
criterion to estimate thrust, which assumes bulk soil samples to be a continuum 
system of isotropic and homogeneous material. In practice this is rarely the case 
and the stress response of a soil has been shown to develop as a function of shear 
displacement. As such, it is necessary to use the residual or “ultimate” strength 
when considering terrain strength.
In Section 2.3, the Mohr-Coulomb failure criterion was introduced, linking 
the shear and normal stress in a soil (r and a) with the mechanical parameters, 
cohesion (c) and angle of internal friction (^) as shown in equation (2.1). This 
expression combines the Mohr soil failure criteria with the Coulomb empirical law 
for soil strength. To understand how this relationship describes soil deformation 
behaviour it is necessary to consider the fundamental principles of mechanical 
stress within a material under load.
3.1.1 Lim iting stress and shear strength  in ideal soils
For an ideal soil, i.e. a homogeneous, isotropic material, a unit element in equi­
librium will be subject to normal and shear forces. The fundamental analysis of 
the stress state within the element is considered in terms of the limit condition 
of a two-dimensional planar element within the material mass, as illustrated in 
Figure 3.1a. If the stresses ax, ay and Txy are known (for the equilibrium state, 
the condition Txy =  Tyx must be true), the normal and shear stresses on a plane at 
any angle 9 are defined as axo, CTye, Txyo and Tyxe, as shown in Figure 3.1b. There 
will also exist a condition where shear stress is zero and the normal stress is at its 
maximum and minimum values. This is the principal stress plane and is found 
at angle Op, as shown in Figure 3.1c. The normal stresses at Op are referred to as 
the major and minor principal stresses, a\ and a^, respectively (the intermediate 
principal stress cg is also present, normal to the plane of the Figure and assumed 
to be independent of the system).
The normal and shear stresses on a plane at any arbitrary angle 0 can be 
determined by the use of the principal stresses and a Mohr circle for a given 
stress state. By plotting points (ax,—Txy) and (ay,Tyx) (anti-clockwise shear 
stresses are assumed positive in the Mohr case) a circle can be constructed in 
a - T  space. The intercepts of the circle at r  =  0 are, therefore, ai and a^, as 
shown in Figure 3.2a. Drawing a line parallel to the minor principal plane at 
angle Op from a = as provides an intercept. Op, with the Mohr circle (the “origin 
of planes”). Identification of the principal stresses and the definition of the point 
Op allows the description of the stresses on any plane to be expressed in terms 
of <Ji, as and Op.
Use of a Mohr circle allows the analysis of limiting stress conditions within a 
soil sample. That is, the maximum shear stress that can be applied to the system
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(c) Principal stress plane on a soil ele­
ment
Figure 3.1: Two dimensional stress states
before failure. Inspection of Figure 3.2b implies that the limiting shear stress 
would be found at the peak of the Mohr circle, with a magnitude equal to the 
radius of the Mohr circle, {ai — <J3 ) / 2 , at a normal stress defined in terms of the 
principal stresses, {ai-\-as)/2. However, this point does not represent the greatest 
angle at which a force can be applied before failure. This is the angle of maximum 
obliquity (a^), defined by the line OA between the axes origin and tangential to 
the Mohr circle. At this angle, the shear force is equal to the frictional force and 
represents both the greatest angle at which a force can be applied to the medium 
and the stress state most liable to failure. From the geometry of Figure 3.2b the 
limit of shear stress can be defined as
T = a tan a. (3.1)
In granular, frictional materials the angle of maximum obliquity is equal to 
the angle of internal friction ( 0  =  a), defining the limiting stress in the material 
before failure at the shear strength r.
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(a) Mohr circle representation of prin- (b) Stress state at angle of maximum
cipal stresses obliquity
(c) Ideal Mohr envelope constructed 
from a series of Mohr circles
Figure 3.2: Mohr strength envelopes
T =  <jtan^. (3.2)
For a purely frictional material, measurements of the principal stresses at dif­
ferent normal stresses allows for the construction of a series of Mohr circles. The
envelope tangential to these circles is defined by equation (3.2) and encompasses
all stress states for which the material will not fail, as shown in Figure 3.2c. It is 
common, however, to observe deviations from the ideal envelope due to (appar­
ent) soil cohesion. In practice, many soils show characteristics of both cohesion 
and friction. Indeed, despite the dry nature of lunar and martian regoliths, the 
mechanical characteristics (discussed further in Chapter 4) indicate that these 
soils exhibit both frictional and cohesive behaviour. In the case of a cohesive 
material the Mohr failure envelope defined by equation (3.2) no longer holds. 
Instead, the envelope must be defined by an empirical straight line fit equation, 
typically presented in terms of effective stress,
T = d + o' tan (j)'. (3.3)
Despite the similarity to equation (2.1), this form of the Mohr-Coulomb failure 
criterion is written in its semi-empirical form. Here, d  and 4>' are not inherent 
soil properties, as seen in equation (3.2), but coefficients of an empirical fit to a 
given set of measured data and, as such, are only valid within the range of those 
data.
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The effective stress a' can also be defined in terms of the effect of pore pres­
sure u when calculating the stress distribution within a soil, where a' = a — u. 
Pore pressure is the stress response of any fluid (typically liquid) present in the 
spaces between individual soil particles. In the case of regolith strength analysis, 
however, no incompressible fluid is present, and it can be assumed that u = 0.
The effective stress distribution within the soil is, therefore, equal to the normal 
stress.
3.1.2 Shear strength  in terram echanics
The application of the Mohr-Coulomb failure criterion in terramechanics assumes 
equation (2.1) is equal to equation (3.3) (i.e. r  = s) and defines the soil strength 
at the terrain-vehicle interface. It is assumed that effective stress is equal to 
normal stress and that the soil parameters of cohesion and angle of internal 
friction are empirically derived effective values. Determining soil strength is, 
therefore, dependent upon the construction of a Mohr-Coulomb failure envelope, 
the line BD  in Figure 3.3a, and statistical estimation of the intercept and gradient 
parameters. The soil parameters found by this tangent method are only valid 
within the range of stress measurements A < a < C.
The importance of the interpretation of soil strength by examination of an 
empirically derived failure envelope can be demonstrated by considering the shear 
strength at low normal stresses in cohesionless material. As normal stress tends 
to zero, shear stress must also tend towards zero; as a result, the effect due to 
apparent (effective) cohesion also tends to zero. As such, the angle of internal 
friction will tend to increase at very low normal stresses [83]. Furthermore, dense 
cohesionless sands have been shown to produce curved failure envelopes [77]. To 
some extent such non-linear responses can be addressed by assuming zero cohesion 
and estimation of an average angle of internal friction at discrete normal stresses 
as shown at points A B  and CD  in Figure 3.3b. This is the secant method of 
analysis and is defined by a Mohr strength envelope with the form of equation 
(3.2).
(a) Tangent form of failure envelope (b) Secant form of failure envelope 
Figure 3.3: Empirical forms of the Mohr-Coulomb failure envelope
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3.1 .3  Sum m ary
When estimating the thrust a vehicle can generate from a given terrain it is 
necessary to examine the stress state of the soil. In terramechanics, the Mohr- 
Coulomb failure criterion is used to determine the limiting stress a soil can support 
before failure, this is assumed to be rigid-plastic behaviour producing a constant 
soil strength after failure. The strength is determined by measurement of the 
angle of internal friction from shear strength tests at a series of normal stresses. 
The resulting failure envelope is used to define all stress states in which a soil can 
exist without failure.
When examining real soils, the ideal Mohr response is not always seen and 
a non-zero intercept of the failure envelope may indicate the demonstration of 
apparent cohesion within the soil. To estimate the strength of such soils it is 
necessary to assume an empirical failure envelope bounded by the upper and 
lower limits of the normal stresses used to determine shear strength. From such 
data the parameters of effective cohesion and angle of internal friction can be 
found. The definition of such empirical factors is necessary as it assumes a rigid- 
plastic response under all conditions. However, (cohesionless) granular, frictional 
materials do not always exhibit such linear behaviour at failure. Low normal 
stresses and soil density may produce curved failure envelopes. Average soil 
strength may be estimated by finding a linear fit to the data, or by examination 
of shear strength at discrete normal stresses. This does not reflect the assumed 
rigid-plastic deformation behaviour of the terrain and it is necessary to consider 
other deformation behaviours exhibited by real soils.
3.2 M odelling terrain strength in com pressible 
soil
The estimation of soil strength in terramechanics relies on the terrain following 
predictable behaviours during deformation. Specifically, it is assumed that the 
soil will exhibit a constant strength after failure and that the development of soil 
strength follows an elasto-plastic response. In an ideal soil response the material is 
assumed to remain as a homogeneous, isotropic continuum as it is deformed and 
after failure. However, it was suggested in Chapter 2 that granular, frictional 
materials, such as regoliths, can exist at multiple densities. Furthermore, the 
strength measurements made in Section 2.4 illustrated how soils identical at the 
microscopic level can exhibit differing deformation behaviours when in larger, 
bulk quantities.
It is, therefore, necessary to examine how a “real” soil -  i.e. a material 
comprised of arbitrarily shaped and sized particles -  behaves when deformed. 
Specifically this will address the behaviours seen in dry, granular, frictional soils 
such as sands and regoliths. This section considers the characteristics of granular, 
frictional material behaviour during deformation and after failure and discusses 
how the effect of soil relative density is incorporated into the stress analysis. The 
effects of microscopic and macroscopic soil properties on the shear response are 
examined. The nature of residual strength is studied in greater depth and the 
concept of the critical state is introduced to define how the stress state changes
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during deformation. Finally, the application of stress response analysis in ter­
ramechanics is addressed.
3.2.1 R elative density
Unlike in the analysis of soil strength shown in Section 3.1, particulate mater­
ials such as sand or regolith do not represent a continuum of material. When 
considering a particulate material variations in packing arrangement must, there­
fore, also be taken into account when estimating soil strength and deformation 
behaviour.
A granular, frictional soil can support inter-particle structures which produce 
void spaces, reducing the unit density. To illustrate this, consider a container of 
equal spheres as shown in Figure 3.4. The lowest packing density is represented by 
the arrangement shown in Figure 3.4a. The arrangement represents the greatest 
volume possible under the material’s own weight. Conversely, the lowest possible 
volume of the same material is shown in Figure 3.4b. No greater compaction 
can be obtained in the short term than that shown without destruction of the 
individual particles. The resulting variation in density is quantified by the relative 
density of the material. Relative densities are measured in the range of 0 to 100 
percent, and represent the minimum to maximum possible packing arrangements 
of the particles in a soil.
In reality, particles vary in size and shape in all granular, frictional materials. 
As such, the arrangement of a granular, frictional material can include structures 
capable of supporting cavities larger than the volume of the physical material 
alone, particularly in materials of where the particles are found to have sharp, 
angular edges. Figure 3.5 illustrates this behaviour. In Figure 3.5a, a sparse 
structure is seen, with large inter-particle voids. Such an arrangement might occur 
by means of relatively benign processes, such as aeolian or aqueous deposition of 
particles.
The relative proportions of void space to solid volume can be described in a 
-number-of-ways,-as-discussed-by-Lambe-in-[98],~(pp.—29-31-)T-T-he-ratio of void 
space to solid volume can be defined as the void ratio e, whereas the soil porosity 
Up is defined as the percentage ratio of void space to total volume. Void ratio
(a) Loose packing (b) Dense packing
Figure 3.4: Ideal particle packing in a homogeneous, granular, frictional material
45
3.2. MODELLING TERRAIN STRENGTH IN COMPRESSIBLE SOIL
(a) Loose packing (b) Dense packing
Figure 3.5; Packing density in an inhomogeneous, granular, frictional material
and porosity are related by the equations
rire =
1 — Tlr
and, conversely.
Tin —
1 +  e
(3.4)
(3.5)
Settlement can occur when a soil is disturbed or loaded, reducing the void 
ratio. Soils comprised of particles of a wide range of sizes can compact to very high 
packing densities, where smaller particles are seen to fill the gaps between larger 
particles, as shown in Figure 3.5b. Some voids, however, will remain within a soil 
even at the point of maximum compaction. Further loading will induce failure and 
shearing within the soil. Conversely, there is a limit to the most loose arrangement 
of particles. These bounds are the lower and upper void ratio limits, e^m and 
^max- Measurement of these values is typically an empirical process involving the 
preparation of soils in a prescribed manner. Multiple measurements are taken and 
averaged to produce estimates of the minimum and maximum particle packing 
densities. Such measurements of void ratio can be referred to in terms of the 
relative density Dr as
D r  = (xlOO%^L (3.6)
^m ax ^m m
Relative density can also be referred to in terms of the terrain bulk density 
p, i.e. the density of a soil by unit volume. The bulk density to void ratio 
relationship is defined as follows.
P
G  s P w  
1 +  e (3.7)
Where the specific gravity Gg is the ratio of mass per unit volume of material 
to the mass density of water at a given temperature (for example, 1 g/cm^ at 
4° (])
(3.8)
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The relative density in terms of bulk density is thus given as,
P - P m i n  Ç ^  1 0 0 %) (3.9)
P  P m a x  P m in
The density of a soil sample is, therefore, indicative of the particulate struc­
ture. The physical nature of the particles at the microscopic level must be con­
sidered and the effect on deformation behaviour taken into account when ana­
lysing the terrain strength. The Mohr-Coulomb failure criterion reflects only the 
residual strength and not the behaviour of the terrain during deformation. As 
the development of shear stress is inherent to the performance estimation of a 
vehicle, it is necessary to consider the behaviour of granular, frictional materials 
in greater detail.
3.2.2 R esidual soil strength
By their nature, the fundamental soil mechanics theories of shear strength con­
sider only the limiting stress condition. It is clear, however, that the behaviour of 
a soil during deformation must also be considered when analysing the terrain re­
sponse for vehicle traction. The relative density of a granular, frictional material 
was seen in Section 2.4 to affect the shear deformation behaviour of SSC-1 and 
SSC-2. The results demonstrated two of the behaviours discussed in Section 3.1, 
the concept of a shear strength proportional to normal stress and the construc­
tion of a failure envelope from tests at a series of normal stresses. The failure 
envelopes, however, appear to demonstrate a sensitivity to initial relative density 
at the residual strength. Furthermore, the shear stress during deformation of 
both SSC-1 and SSC- 2  does not follow the exponential slip model presented in 
Section 2.3.2.
In Figure 3.6 the typical deformation responses are compared. The response 
shown on the left-hand plot of Figure 3.6a is analogous to that seen in Figure 
2 .6 d and demonstrates strain hardening; a steady increase in shear stress with 
displacement, reaching a flat, constant peak stress. Conversely, the response 
shown in the right-hand plot of Figure 3.6a is of the same form as the direct shear 
test results seen in Figures 2.12 and 2.13. A distinct peak is seen in the stress 
which decreases to a flat, constant, residual strength. This brittle response, strain 
softening, represents a third deformation behaviour, in addition to the rigid- 
plastic and elasto-plastic responses considered thus far. Importantly, however, for 
identical soil samples prepared at different initial relative densities, the residual 
strength is identical in both cases.
If the void ratio of the soil sample is measured during deformation, the re­
sponses are also distinct and unique depending upon the initial density. Consider 
the loose particle packing shown in Figure 3.5a, as the particles are disturbed 
during shear deformation the destruction of inter-particle structures causes the 
total volume of the sample to decrease. This is shown in the left-hand plot of 
Figure 3.6b, with a constant volume reached at the same displacement as the 
residual strength. At this displacement all inter-particle structures have been 
removed and the shear stress represents the work done against the normal stress.
In the case of a dense soil sample the particle packing will resemble that shown 
in Figure 3.5b. Here, the particles must be displaced during shear deformation,
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Loose soil Dense soil
T Peak strength Residual strength
Residual strength
Constant strength
Ax Ax
(a) Soil shear stress during deformation
Loose soil Dense soil
e
Residuai strength Peak strength Residuai strength
Constant volume
Ax Ax
(b) Soil voids volume during deformation
Figure 3.6: Stress and voids change in loose and dense granular, frictional soil 
during shear
leading to an increase in soil volume. Such behaviour is referred to as the soil 
dilatancy and is characteristic of the deformation response of a dense, granular, 
frictional material. The change in sample volume during deformation is shown in 
the right-hand plot in Figure 3.6b. A slight decrease in volume may be expected 
as the initial structure is broken down. The subsequent displacement of particles 
allows shear deformation to occur and produces an increase in volume. The stress 
peak is, therefore, the result of the soil dilation overcoming the confinement of 
the surrounding material, and is found at a displacement located during the stage 
of volume increase. As seen in the stress response, the volume of the material 
under failure at the residual strength is constant regardless of the initial state of 
the soil sample.
The magnitude of the stress peak is dependent on initial density and it would 
be expected to see equal residual strength after failure. However, some results 
from the shear test of granular, frictional soils have suggested that different start­
ing relative densities can produce differing residual strengths [89, 90]. Such beha­
viour is typically explained by procedural reasoning, such as insufficient displace­
ment during shear test, or curvature of the Mohr failure envelope due to cohesive 
behaviour [99]. A comprehensive explanation may lie in the understanding of the 
nature of effective cohesion, however, a conclusive explanation for such behaviour 
does not exist in drained, granular, frictional soils. For the purposes of the ma­
terials considered in the following chapters, it is assumed the behaviour follows
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that of the critical state soil model.
3.2.3 Critical sta te  soil m echanics
The examination of real soils indicates that in addition to the stress state, volu­
metric changes in the soil also occur during deformation. To gain a full picture 
of the deformation behaviour of a soil before failure and its residual strength 
it is necessary to examine the relationship between normal stress state, shear 
stress state and volumetric change in a sample. The relationship between these 
fundamental parameters is captured in the critical state theory of soil strength.
When a soil sample is compressed (or consolidated) isotropically, the stress 
path follows a curved trajectory in terms of the specific volume u, where u =  1 -f e. 
As the mean effective stress p' is increased the specific volume decreases. This 
line is referred to as the normal, or virgin, consolidation line and is shown as line 
A B  in Figure 3.7a. Consolidation to a specific mean effective stress provides a 
sample at a known initial stress state. Keeping two dimensions of effective stress 
constant and continuing the consolidation of the sample will result in a deviation 
from the normal consolidation line until the point of failure. Such tests performed 
on samples at a range of initial stress states will produce the curved response CD  
in V -  p' space. This is the critical state line which defines the point of failure 
of any soil, regardless of the initial stress state or route of the stress path before 
failure.
The same response can be examined in terms of the deviatoric effective stress 
q'. A sample consolidated to pressure p' then loaded one-dimensionally will follow 
a stress path through q' -  p' space to the point of failure. The failure stresses 
from samples at a series of different initial consolidation pressures define a straight 
line, the stress-space critical state line, as shown in Figure 3.7b. As in the specific 
volume case, the critical state line defines the point of failure independently of 
the stress path.
This is a fundamental nature of the shear strength of clay, which is typically
Normal consolidation line
Critical state line
Critical state line
(a) Stress paths in specific volume and mean (b) Stress paths in deviatoric and mean effect- 
effective stress-space. ive stress-space.
Figure 3.7: The stress paths for normally consolidated soil samples (p[, pg and 
Pg) as they approach failure. Failure occurs at the intercept of the paths with the 
critical state line.
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a cohesive material of low frictional strength. By defining both the volumetric 
and stress behaviours in terms of mean effective stress all three properties can 
be incorporated into the stress analysis. The respective responses of the two 
systems can be coupled by the description of the critical state lines. In terms of 
the deviatoric and mean effective stresses, the line with gradient M  is defined by 
the equation
Mp'. (3.10)
The critical state line in u -  Inp' space demonstrates a distinct, curved critical 
state line, found below the virgin consolidation line. Both lines are typically 
found to be linear and the critical state line can, therefore, be defined in terms 
of specific volume at which p' = 1 kN/m^ (F) and the gradient of the virgin 
compression line (A) as
u =  r  —Alnp'. (3.11)
The two equations, (3.10) and (3.11), define the nature of the strength of 
a clay regardless of any initial consolidation state and the form of the stress 
path followed before reaehing the critical state line. Critical state behaviour has 
been conclusively demonstrated in clays experimentally and can be seen in data 
obtained by Parry (as shown in Atkinson and Bransby [100]). The behaviour 
is a function of specific volume, deviator stress and mean effective stress and 
can, therefore, be drawn on three-dimensional axes as shown in Figure 3.8. The 
normal consolidation line is seen at zero deviator stress and the critical state line 
rises as the deviator and mean effective stresses are increased, causing specific 
volume to decrease. The projection of the critical state line onto the q' -  p' and v 
-  p' planes illustrates the relationship between the responses seen in Figure 3.7.
q' Critical state line
Normal consolidation line
_ J,
Critical state line 
projections
V
Figure 3.8: The critical state line inq' - v ~ p '  space. The dashed arrows illustrate 
the projection of the critical state line on to the respective deformation behaviour 
planes.
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(a) Isotropic overconsoiidation stress paths of (b) Isotropic consolidation of a granular, fric-
clay tional soil for samples of two different initial 
relative densities
Figure 3.9: Overconsoiidation stress paths of a soil sample isotropically com­
pressed, unloaded and reloaded. The dashed line in Figure 3.9a indicates the 
overconsoiidation stress path and is equivalent to that of a granular, frictional 
soil sample.
Unlike clays, dry, granular materials are not cohesive and exhibit mostly fric­
tional strength. However, the behaviours discussed in Section 3.2.2 do demon­
strate the properties of constant strength and volume after failure. It is, there­
fore, possible to consider a critical state line for granular, frictional material. As 
with clay, granular, frictional material will demonstrate a normal consolidation 
line when compressed isotropically. However, the relative density will result in 
different initial specific volumes. To relate this to the critical state theory, the de­
formation behaviour of granular, frictional material may be considered analogous 
to overconsolidated clay samples. This reflects the volumetric behaviour of clays 
when loaded, unloaded, then reloaded, as shown in Figure 3.9a. The deformation 
due to consolidation is mostly unrecoverable when unloaded, as shown in line 
AB. However, when reloaded, the specific volume will follow a similar path, EC^ 
to the unloading response and continue along the normal consolidation line at 
the point of interception.
The dashed line in Figure 3.9a illustrates the isotropic consolidation stress 
path of a granular, frictional soil sample which is identical to the overconsoiidation 
path of any sample. The same response is shown for sand samples of two densities 
in Figure 3.9b. It is obvious that a dense soil sample will exhibit less change in 
specific volume than a loose sample and may, therefore, be considered as more 
overconsolidated. The continued consolidation of such samples will follow the 
paths which converge on and follow the normal compression line. As with clays, 
the critical state line will lie below the normal consolidation line.
In one-dimensional deformation to failure, the stress path of a dense granular, 
frictional material will follow the line A B C  in Figure 3.10a, similar to that seen 
in the dense example in Figure 3.6. Starting at the initial state (A) an initial 
drop in specific volume is shown as the effective stress is increased to a peak value 
(R), after which the stress reduces as it approaches the critical state line (C). 
Loose soils will exhibit a response similar to that shown in the loose example in
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space for granular, frictional soil granular, frictional soil
Figure 3.10: The critical state for granular, frictional soil [100].
Figure 3.6. The critical state line in stress space for granular, frictional soils is of 
the same form to that shown for clay in Figure 3.7b. By collecting the ultimate 
soil strength of granular, frictional samples from several initial effective stresses a 
critical state line analogous to the Mohr failure envelope for ideal soils is formed, 
as shown in Figure 3.10b. The line A B C  shows the stress path starting at zero 
deviatoric stress (A) and increasing past the critical state line at the stress peak 
(J5), before intercepting the critical state line (C).
It is now possible to state that the initial specific volume, or relative density, 
will have no effect on the residual strength of a granular, frictional soil, as failure 
will always occur at the critical state. However, the initial density will affect the 
stress path taken by the soil during deformation. This is an important observation 
of the behaviour of granular, frictional soil as constant strength and volume is 
only found at the critical state. This suggests that the loading analysis of the 
terrain by a vehicle must also consider the initial density and the resulting density 
when the terrain is compressed by the vehicle (by sinkage due to the weight 
equilibrium). Without such consideration, the stress response may not reflect 
that measured in standard tests such as direct shear. This behaviour can be 
illustrated by examination of the change in soil volume seen in the experimental 
data from the direct shear tests of SSC-1 and SSC-2 .
In Figure 3.11 the vertical displacement measurements of the soil samples 
during shear is shown. The first observation of note is that the response expected 
of dense samples is seen in all cases, suggesting that the loose preparation of such 
materials still produces a change in volume greater than that due to the collapse 
of inter-particle voids (i.e., all samples can be considered as dense). Secondly, 
as these data represent total displacement and not specific volume it is expected 
to see greater displacement in the more dense samples. The data clearly show 
three distinct, constant vertical displacements reflecting the specific volumes for 
the respective normal stresses at which the samples were tested. This result and 
the stress responses in Figures 2.12 and 2.13 clearly indicate the samples to be in 
the critical state. Furthermore, as the test conditions were designed to replicate 
those of a vehicle this suggests that even in cases where the vehicle load on the 
terrain is very low, a peak strength will most likely be encountered prior to the
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Figure 3.11: Vertical displacement data during shear for SSC-1 and SSC-2. Black 
lines indicate the greater dilation of the dense samples, grey lines indicate the 
small dilation of the loose samples
residual strength.
It is seen, therefore, that the application of fundamental soil strength analysis 
in terramechanics assumes the soil to reach the critical state and that a critical 
state can exist for granular, frictional soils similar to lunar and martian regoliths. 
The soil may follow any stress path as it approaches the critical state line, after 
which any further deformation will produce no greater strength. It is also seen 
that the terrain density must be considered in the analysis of the stress response.
This result does not, however, explain the differences seen in failure envelope 
between loose and dense samples of SSC-1 and SSC-2. The critical state model 
would suggest that a single critical state (or failure envelope) should be seen 
despite the initial density. Non-mechanical forces must, therefore, be considered 
which change the response away from that of an ideal soil. The extremely fine 
particle grading of SSC-2 provides some insight into potential sources of such 
forces. For finer material, it is more likely that electro-static, van der Waals, 
or even hydro-static forces may affect the inter-particle attraction producing the 
greater apparent cohesion seen in the failure envelope [1 0 1 ].
3.2.4 Shear deform ation and tractive ability
In critical state soil mechanics, the deformation response of soil deformation is 
considered under controlled laboratory conditions. It is also necessary to consider 
the application of these principles “in the field”. The stress response of a soil 
under shear deformation by a vehicle is assumed to develop along the length of 
the vehicle-terrain interface. This assumes the mobility system is slipping relative 
to the contact position with the terrain. The shear stress response develops along 
the contact length as a function of slip ratio, creating a similar deformation 
response in the soil to that in a direct shear test. The development of the stress 
response is, therefore, proportional to the shear displacement distance required 
to take the soil to the critical state. It was seen in equation (2.2) that the trend
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(a) Determining the shear deformation modu- (b) Determining the value of peak shear dis- 
lus, K, from experimental data placement, Ky,, from experimental data
Figure 3.12: Determining empirical fit factors for shear displacement models
in stress response (r) toward the maximum stress {rmax) with shear displacement 
(j) in terms of vehicle-terrain interaction is modelled as an exponential response. 
The normalised response can be written as
- 1
Tr,
(3.12)
It was noted that the shear deformation modulus (k) is an empirical property 
of the shear displacement and peak stress. A method for the extraction of this 
parameter from experimental data is illustrated in Figure 3.12a. The measure­
ment is taken from the intersection of the line tangent to the curve at j  =  0  and 
a horizontal line coincident with the line of constant strength {Tmax)-
It has since been shown, however, that the response of granular, frictional 
soils are subject to dilative behaviour which dominates the deformation response 
as relative density is increased. The resulting stress response can also be quan­
tified empirically using a model incorporating two further parameters, Kr and 
Kw, reflecting the ratio of peak stress and residual shear strength (xr) and the 
shear displacement at Tmax [102]. The measurement of such parameters from 
experimental data is illustrated in Figure 3.12b.
The empirical characterisation of the dense stress response can be obtained 
by the normalised equation
=  K r 1 -k -  1 1- ^  e Kw ■X 1 — QKw (3.13)X r ( l - e - i )
Values for Kr and Ky, are measured by inspection of experimental data, where
K w  —  3 Tm ax  ^^0 ~  ' ^ r / ' ^ m a x '
Values of the respective shear displacement coefficients are suggested in [76] 
(pp. 141-143). Frictional materials typically described as “loose” have been 
shown to produce shear deformation moduli of 0.01 < n < 0.025 m. For brittle, 
strain softening responses in frictional materials of greater relative density, coef­
ficient values in the ranges of 0.027 < Kyj < 0.071 m and 0.38 < Kr < 0.72 
(dimensionless) are seen. Figure 3.13 shows stress-strain plots using both stress 
response models. Using the Janosi and Hanamoto model (equation (3.12)), shown
54
3.2. MODELLING TERRAIN STRENGTH IN COMPRESSIBLE SOIL
Model shear stress-displacement response
Janos! and Hanamoto
100 200 300
Displacement (x 100pm)
400 500
Wong
100 200 300
Displacement (x 100pm)
400 500
Figure 3.13: Shear stress models {k =  = 0.002 to 0.010 m (0.002 m incre­
ments), Kr = 0.55)
in the upper figure, greater values of k indicate a greater displacement is necessary 
to reach a constant shear stress. The lower figure shows the brittle, strain soften­
ing response described by the Wong model (equation (3.13)). Similarly, greater 
values of the respective coefficients suggest increasing displacement is required to 
reach both the peak and residual stresses.
The values used to illustrate the model response are only indicative of those 
expected from such materials and depend on the material strength under shear. 
Indeed, it would be expected that any such parameters proposed for use in the 
analysis of vehicle performance would be accompanied by a discussion of the 
measurement methods and observations of the soil deformation response. This 
rarely appears to be the case and it is common to see the presentation of either 
nominal values or those adopted from other literature [103, 104]. Furthermore, 
it is unusual to see the use of any slip model other than that based on equation
(3.12) and a single shear deformation coefficient. In [105], it is noted that a series 
of shear tests were performed on a dry sand. Only a single shear deformation 
parameter is given suggesting that the response followed that of a loose sand. 
However, it was shown in Section 2.4 that under direct shear test conditions 
even loosely prepared samples of similar sand material demonstrated dilative 
behaviour, this suggests that a brittle response would be expected.
More recent work in rover control has focused on slip compensation. This is 
typically based on the assumption that a modern autonomous vehicle is equipped 
with a sophisticated series of state measurement instruments and sensors which 
can produce estimates of slip ratio. For example, an on-board “telecentric” cam­
era coupled with a series of image processing routines have been used to estimate
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wheel slip ratio [106]. Terrain parameter estimation by analytical methods was 
discussed in Section 2.2.3. However, such methods typically assume a constant 
slip ratio, allowing closed form solutions for equations (2 .1 1 ) and (2 .1 2 ) to provide 
estimated values for the force equilibrium at the terrain-vehicle interface.
3.2.5 Sum m ary
The theory of terramechanics is based on the analysis of the static strength of the 
terrain at the wheel-terrain interface. However, the development of shear stress 
during deformation of a soil is considered in terms of the estimation of terrain 
strength as a function of slip ratio, modelled as an elasto-plastic response. It 
is seen that such a response reflects the behaviour of loose, granular, frictional 
material. In dense samples of identical granular, frictional soils a brittle response 
to shear displacement is seen. This does not fall within either the rigid-plastic 
or elasto-plastic responses already considered and illustrates the effect of relative 
density on the deformation behaviour of a granular, frictional soil. However, 
despite having the model for dense response as proposed by Wong (equation
(3.13)), the elasto-plastic model is seen exclusively in the literature.
It is necessary, therefore, to consider the density of granular, frictional material 
and its volumetric response when analysing the shear deformation response, as it 
is also intricately linked to the stress response up to and in defining the point of 
failure. The theory of critical state soil mechanics demonstrates how the mean 
stress, deviatoric stress and volumetric responses are related in defining terrain 
strength. While a soil at any given initial density or stress state will fail along the 
same critical state line produced by these parameters, the stress paths followed 
before failure are dependent upon the initial density. Loose samples will tend 
to compact, producing a smooth, curved shear displacement response. However, 
dense samples are likely to demonstrate a dilative behaviour increasing the soil 
volume and the peak stress response beyond the residual, or limit, condition.
Such responses are seen in the direct shear data of SSC-1 and SSC-2. Both 
materials at two different initial densities exhibit dilative responses to shear and 
at the critical state a constant, residual volume proportional to the normal stress. 
Attempts have been made to quantify the brittle shear response of dense soils in 
a similar way to the shear displacement models typically used in terramechanics 
to determine slip ratio, but are rarely seen in practice. It has, therefore, been 
shown that in the analysis of terrain trafficability it is necessary to consider the 
mechanical response of the terrain in terms of both its volumetric and shear 
responses to deformation.
3.3 M odelling terrain resistance in com pressible 
soil
Terrain strength and its behaviour during deformation is directly applicable to 
the estimation of vehicle thrust. Deformation of the terrain requires work to be 
done on the soil material, however, which results in a motion resistance acting 
against vehicle thrust. In terramechanics applications, resistance to motion is
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typically quantified by the pressure-sinkage relationship, reflecting the effort re­
quired to compress and displace material leading the direction of travel. However, 
this overlooks the effects of specific soil properties, such as relative density, fric­
tional strength and cohesive strength, on deformation behaviour. It is, therefore, 
necessary to quantify the response of a real deformable soil to loads normal to 
the surface. Such analysis will incorporate the soil parameters, which are known 
to affect terrain strength, on the load bearing capacity.
This section will examine the pressure-sinkage relationship in terramechanics. 
The characterisation of terrain responses to normal loads from a vehicle is intro­
duced, illustrating the empirical approach used in terramechanics. To identify the 
weaknesses in this method, the stress equilibrium conditions of normal loads in 
ideal soils during and after failure are discussed, defining the behaviour of soil once 
at the point of plastic equilibrium and constant strength. Analysis of the load 
bearing capacity of real soils comprised of granular, frictional material is presen­
ted. The use of empirical coefficients are introduced in the context of applying 
the analytical bearing capacity description to specific engineering requirements. 
The terramechanics application of soil deformation under normal loading in the 
form of the empirical pressure-sinkage relationship is considered in relation to the 
observed normal load deformation behaviours of granular, frictional materials.
3.3.1 C haracterisation of terrain trafficability
In Chapter 2 two pressure-sinkage equations were presented. The empirical re­
lationship between pressure and sinkage forms the force equilibrium component 
normal to the soil surface at the vehicle-terrain interface. This complements the 
translational force component as a function of the shear stress. The general ap­
plications are those offered by Bekker and Reece, however, efforts to empirically 
re-characterise the terrain response is often attempted in terms of specific soil or 
vehicle parameters.
For example, analysis of the failure response of three soil types, frictional, 
cohesive, and frictional-cohesive materials, subjected to pressure-sinkage tests 
are used to define a new empirical form of the pressure-sinkage equation in [25]. 
The objective is to classify each material based on the difference in form of the 
respective pressure-sinkage curves. This assumes both the initial and final (ulti­
mate) stages of failure under normal load are linear and relies on the measurement 
of a number of empirical coefficients.
The effects of vehicle mobility system parameters on the pressure-sinkage re­
lationship have also been considered. The effect of wheel diameter on traction 
in deformable terrain is demonstrated to produce a magnitude-power response, 
leading to the proposition of three new empirical parameters to improve the trac­
tion estimates of smaller wheels in differing soil types [26]. Two further empirical 
parameters are proposed to capture the effect of grousers on tractive response, 
based on the Reece pressure-sinkage model, in [107]
For larger vehicles, where the normal loads are in the order of tonnes, loading 
of frictional-cohesive terrestrial terrains are seen to behave and fail with a rigid- 
plastic behaviour. Plate sinkage tests using a relatively cohesive sandy loam 
(c =  11.5 kPa) have been shown to develop the distinctive active and passive
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“Rankine zones” (discussed further in the following section) [108]. However, the 
failure mode is shown to change if abrupt changes in bulk density occur below 
the terrain surface in [109].
A thorough attempt at defining an analytical definition of the pressure-sinkage 
response is shown in [110]. This approach assumes three stages occur before fail­
ure, compaction by reduction of relative density, confined compression increasing 
lateral stress and failure of the surrounding material. The method is demon­
strated to provide good estimations of the extent of the soil disturbance in the 
initial stages of deformation, but less so in the transitional stages before failure.
The approaches proposed in the above examples often show good results in 
the context of specific parametric analyses, but become less precise when applied 
to more general problems in estimation of plate sinkage. It is clear, however, 
that terrain density has an effect which is difficult to define in general terms. 
Indeed, the soil sample preparation methods used in the described test are rarely 
discussed. Different soil densities are used in small wheel traction testing using 
regolith soil simulants in [61]. However, detailed preparation and relative dens­
ity data are not given and the method of analysis appears to make the typical 
assumption that the soil behaves as a rigid-plastic (i.e. the strength and other 
empirical terramechanics parameters are constant). Tests are performed using 
two wheels of different diameter and width at several loads and it is seen that 
more highly compacted soil reduces motion resistance. The analysis of the draw­
bar pull data, however, does not include reference to the soil preparation methods 
or sample density.
It is seen, therefore, that characterisation based on empirical results require 
specific knowledge of the terrain parameters, while at the same time, neglect­
ing to address the mechanical properties of typical soils. Such assumptions may 
hold in rigid-plastic materials, however, it was shown earlier in this Chapter that 
alternative shear deformation behaviours can be observed in granular, frictional 
soils. When considering the pressure-sinkage relationship, it is sensible to assume 
similar behaviours may be seen in granular, frictional materials subjected to nor­
mal loads. The following section will, therefore, address the mechanics of load 
bearing behaviour in deformable soils.
3.3.2 Lateral earth  pressure and bearing capacity in ideal 
soils
The residual (or critical state) strength has been seen to be considered as the 
limiting stress in the analysis of soil strength after failure. The principle of earth 
pressure in soil uses the same fundamental concept of the equilibrium stress state 
in an ideal material under normal loading before failure. The expected vertical 
motion of a frictional soil mass due to failure can be described by the Rankine 
theory of lateral earth pressure.
When considering a stationary soil element in equilibrium, only normal stresses 
will be present in the vertical (ay) and horizontal {(Th ) directions due to the soil 
weight (or surcharge) and the retaining lateral pressure of the surrounding soil, 
respectively. As such, the response to changes in the lateral stress can be studied 
by analysis of the change in stress state. This is often visualised by the concept of
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a rigid, vertical wall retaining a body of soil, as shown in Figure 3.14a. Initially 
the system is in a static equilibrium state with only vertical and horizontal normal 
forces present, assuming the surface is level (i.e. parallel to the horizontal), these 
must also represent the major and minor principal stresses. If the wall is moved 
away from the soil body the horizontal stress will reduce until the failure stress is 
reached. As the vertical normal stress will be greater than the horizontal stress 
then ay = and cfh =  0 -3 . As such, the stress state can be illustrated by a Mohr 
circle, showing that shear planes will develop at angle 9 to the major (horizontal) 
principal plane. In this case gh is equal to the Rankine active pressure.
Conversely, the retaining wall may be moved into the soil body, as shown in 
Figure 3.14b. In this case the horizontal stress will increase until the failure stress 
is reached. The horizontal normal stress will be greater than the vertical in this 
case, so the principal stresses will be defined as gh  =  and G y  = G3 . The 
failure plane would develop at an angle 9 to the major principal plane, vertically 
orientated in this case, and therefore 90 — ^ from the horizontal. In this case gjj 
is equal to the Rankine passive pressure.
The stress states for both the active and passive stresses are illustrated in 
Mohr circle form in Figure 3.15. In the active case (the circle of radius r&) 
Gff decreases until it is equal to <Ja, the minor principal stress in Mohr circle 
representing the failure state. The failure plane will develop at the angle 9 from 
the major principal plane and inspection of the geometry shows that in this case 
0 =  45 +  0/2. In the passive case (the circle of radius r^) gjj increases to Gp, 
therefore the major principal plane is vertical and the failure plane will develop at 
an angle 45—0/2 to the horizontal. Using the Mohr circle analysis and considering 
soil weight density 7 , expressions for the active and passive earth pressures, Ga
Failure
stress
A x Ax
Failure
stress
(a) Failure planes due to active Rankine lateral earth pressure
Failure
stress
Ax
Failure
stress
(b) Failure planes due to passive Rankine lateral earth pressure
Figure 3.14: Active and passive failure due to lateral earth pressure
59
3.3. MODELLING TERRAIN RESISTANCE IN COMPRESSIBLE SOIL
45 -  -Ô
9 0 -0
o = YZ
Figure 3.15: Stress state analysis of active and passive lateral earth stresses
and <7p, respectively, can be determined at any depth z on the retaining wall,
(Ta =  l Z -  2Va, 
ap = ^z-\- 2vp.
(3.14)
(3.15)
Further inspection reveals that the radii of the respective Mohr circles can be 
written in terms of the soil parameters c and cj)
r„. =
T Ti --
c COS 0  +  7 Z  sin (j) 
1 +  sin ^  
c cos (f)-{-'yz sin 0  
1 — sin (/)
(3.16)
(3.17)
equations (3.16) and (3.17) are substituted into equations (3.14) and (3.15), 
respectively.
1 -  sin
CTa = JZz :---r — 2c
dp  =  7Z
1 +  sin ^  
1 +  sin 0 +  2 c
COS(f)
1 +  sin ^  ’ 
COS(f)
1 — sin ^  1 — sin 0
(3.18)
(3.19)
In this context is it seen that equations (3.18) and (3.19) provide the minimum 
and maximum lateral earth pressures at any given depth that a soil can support 
before failure. The vertical load in this case is considered to be the soil weight. 
If a continuous body of an ideal soil is considered, increasing the vertical load 
to will result in deformation at the ultimate bearing capacity (g„) of the terrain. 
The deformation will produce three, discrete failure zones, as illustrated in Figure
3.16. When a normal load is applied to a plate in contact with the area AB, the 
material in triangle AB C  directly below the plate is pushed downward (while the 
soil within this volume remains static). As the plate moves down the soil will fail
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Figure 3.16: Shear planes due to Rankine lateral earth pressure in an ideal soil 
under plate loading at the point of failure.
and shear planes will develop along the lines AC  and BC. As the surrounding 
material is being pushed outwards the lateral stress is reduced to the active 
Rankine earth pressure and the shear planes have a slope of 45 +  0/2 relative 
to the horizontal. Friction at the soil-terrain interface produces a radial failure 
plane bound by logarithmic spirals about the focal points A and B. The radial 
plane range is limited by the passive Rankine earth pressure condition at points 
D and E  at an angle of 45 — 0/2 to the horizontal, which extends linearly to
points F  and C, equal to the plate contact level at AB.
The ultimate bearing capacity of an ideal soil failing in this way was shown
by Terzaghi [111] to be defined as
qu =  c (Nc) +  76 Q-/2N )^ +  j D  (Ng) , (3.20)
for a soil of density 7  with a plate of radius or width b (if circular or rect­
angular, respectively) at depth D from the surface. This equation was also seen 
empirically to be sensitive to the geometry of the load plate (as shown by Taylor 
[99]). Therefore, for a square plate
=  1.3c (ATc) +  0 . 6 7 6  (i/2A:y) -b 7 D (AT,), (3.21)
and for a circular plate,
=  1.3c (Afc) +  0 . 8 7 6  (y2Ar.y) -b 7 D (AFg). (3.22)
This expression includes a series of “N-factors”, bearing capacity coefficients 
which, in an ideal material, depend on the soil strength (i.e. 0). Traditional 
selection of the coefficient values has involved the use of look-up tables. How­
ever, definition of the Nc and Ng factors as functions of 0  are obtained by the 
combination of two methods as proposed by Prandtl and Reissner (as shown 
by Michalowski [112]). Assuming an ideal granular, frictional material of zero 
cohesion
N, =  tan^ ( 4 5  +  0  , (3.23)
Nc = {Ng-l)cotct>. (3.24)
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However, must be approximated numerically, either by the use of look­
up tables or through semi-empirical expressions which describe the numerical 
response. A number of widely used general forms of this expression are seen in 
the literature, the most common of which being those proposed by Meyerhof [113] 
for deep foundations.
Ay =  {Nq — 1) tan 0 (1.40), (3.25)
a general form proposed by Brinch Hansen [114],
Ay =  1.8 {Nq — 1) tan 0, (3.26)
and a form for shallow foundations by Vesic [115],
A:y =  2(Ag-bl)tan0. (3.27)
Numerical solutions to equations (3.23) to (3.27) are plotted for a nominal 
range of angles of internal friction in Figure 3.17. The respective ALy models 
produce a wide dispersion of values for low angles of internal friction, i.e. below 
30°. Few materials exist with such properties and where higher friction angles 
more typical of real materials are considered, all A^ models are seen to converge. 
Furthermore, while the relationships for Nq and Ac have been derived from the 
geometry of the failure planes shown in Figure 3.16, calculation of A^ values has 
remained a challenging parameter to define. Indeed, it is the first and last terms 
of equation (3.20) which describe vertical load bearing behaviour in fundamental 
terms and assumes no “surcharge” load from the weight of the soil itself. It is 
the second parameter in equation (3.20) which is a function of 7  and expected to 
define the response arising from the addition of surcharge weight. This will be 
discussed further in Section 3.3.3.
The application of load bearing capacity in terramechanics is found, indirectly, 
in determining the sinkage of a vehicle due to its weight and steering resistances 
[67]. However, the estimation of load bearing capacity of a real granular, frictional 
material relies on the assumptions that the soil has failed and the stress is at the 
residual strength along all points of the failure plane. For heavy vehicles which 
produce sufficient normal load and shear deformation to reach the critical state, 
this assumption may be valid. Small, low mass rovers, however, may not produce 
sufficient deformation of the terrain to rely on such assumptions. It has been seen 
that real granular, frictional soils exhibit non-ideal behaviours, including strain 
hardening due to dilation and stress behaviours dependent upon the volumetric 
properties. As the bearing capacity of such terrain is also dependent upon the 
soil strength, it is necessary to consider the effects of real soils on the deformation 
behaviour.
3.3.3 The bearing capacity of real granular, frictional soils
A particular problem in estimating load bearing capacity in real granular, fric­
tional soils is the selection of appropriate values of 0, as discussed in [115]. For 
example, equations (3.25) and (3.26) assume the value of 0 is found from direct 
shear test. The triaxial test, however, where o’2 and (73 are kept constant and
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Figure 3.17: Model values of bearing capacity coefficients
equal, may produce slightly lower values of 4>. Furthermore, if a real soil is at a 
low relative density a progressive development of shear might be expected along 
the failure planes in the passive Rankine zone. This will subject points closer 
to the load plate to greater displacement than those at points closer to the soil 
surface. Additionally, for small values of D (i.e. failure close to the soil surface), 
the load stress due to surcharge weight will be greater at deeper points on the 
failure plane, producing a stress gradient due to the curvature of the Mohr failure 
envelope at very low normal stresses.
It is sensible to assume, therefore, that the load bearing capacity of a granu­
lar, frictional soil at a given relative density will exhibit a deformation response 
dependent upon the change in density during loading. In the one-dimensional 
case of a normal stress applied to the surface of a soil two settlement processes 
will occur, one due to the reduction in void ratio by destruction of inter-particle 
structures (consolidation) and the other due to mechanical strain until the point 
of failure (compression). In Figure 3.18, curves representing these responses are 
shown. In Figure 3.18a, normal consolidation produces a curve which increasingly 
tends towards horizontal as the load increases and volume of voids is reduced.
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AL
(a) Consolidation curve (b) Compression curve
Figure 3.18: Consolidation and compression soil response curves to normal loads
Conversely, Figure 3.18b shows the increasingly vertical response of a material 
under normal compression in terms of strain. As seen in the critical state model, 
the deformation behaviour as the stress (p) is increased will depend upon the 
combination of these responses. However, the load bearing response is shown to 
be a two-dimensional deformation in Figure 3.16. As such, the shear deformation 
response of the surrounding material must also be considered.
Three different shear deformation modes are seen in granular, frictional soils 
as a load normal to the surface is applied. General shear typically occurs in 
highly dense soil samples and demonstrates a behaviour similar to that of the 
ideal soil shown in Figure 3.16. Distinct shear planes due to active and passive 
earth pressure are seen as illustrated in Figure 3.19. However, unlike an ideal 
soil, a real granular, frictional soil at the critical state will have demonstrated 
a distinct deformation response before reaching the residual strength. A small 
displacement, Dg is seen under the load plate due to an initial settlement as 
inter-particle structures are destroyed. Failure planes will develop as the load 
increases and the shear stress reaches the residual strength, however, as the soil 
is densely compacted, dilation will occur as the shear planes are developed. This 
suggests that a peak strength greater than the residual strength will be seen 
during deformation, producing a heaving of the soil above the initial surface 
level, indicated by the dashed line in Figure 3.19.
In loose material the deformation mode will require greater initial displace­
ment to consolidate the disturbed soil (as described by Figure 3.18a). As the 
surrounding material in the passive Rankine zones is also loose the deformation 
in this case will reflect a constant combination of shear and compaction. This 
is referred to as local shear, indicated by only a partial formation of the failure 
planes in the passive zones and minimal heaving of the soil surface, as illustrated 
in Figure 3.20. Assuming the consolidation stress is lower than the residual 
strength, this would suggest that loose soils have a lower bearing capacity than 
their dense counterparts.
In very loose materials a limiting condition is reached in local shear, referred
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to as punching shear and illustrated in Figure 3.21. Punching shear shows no 
heaving of the material surface and the extent of the shear planes in the passive 
zone is minimised or not seen at all [98]. Deformation is by consolidation of the 
soil and the loading capacity of the material is limited by the shear stress at 
the active earth pressure across the failure plane area [108]. This would suggest 
that extremely loose soils are capable of supporting loads lower than those seen 
in the case of local shear as the plate will fail to engage the strength of the soil 
surrounding the active Rankine zone.
The deformation responses of granular, frictional materials shown in Figure 
3.18 are both proportional to vertical displacement when considering the normal 
loading condition of load bearing capacity. As such, the response can be char­
acterised in terms of the vertical displacement (Az) of the plate and the normal 
pressure response p from the soil. The resulting pressure-displacement curves for 
general, local and punching shear are shown in Figure 3.22. In both local and 
punching shear the combined effects of consolidation and compression are seen 
in the initial stages of displacement as a linear increase in pressure, shown in 
region A  in the pressure-displacement response in Figure 3.22a. A transitional 
stage is seen as the soil volume reaches a constant state (region B). Failure in 
the soil occurs at the point of constant pressure (region C). The magnitude of 
this pressure is the ultimate bearing capacity, which will reflect the combination 
of shear stress at the failure planes and consolidation of the soil. The pressure 
in local shear will include the additional stress from engaging some component 
of the soil surrounding the active Rankine zone, whereas in punching shear the 
pressure will be limited by the stress at the active pressure zone alone. Estim­
ation of the pressure as a function of vertical displacement is difficult, as there 
is no clear way to determine the extent to which the soil surrounding the active 
Rankine zone is engaged.
It would be expected that deformation in dense granular, frictional materials 
due to normal load at the surface would be easier to predict than in loose material, 
as it is more likely to produce a rigid-plastic response. It is understood that 
the magnitude of the shear stress at the failure planes which define the active 
and passive Rankine zones can be derived by measurement of the residual shear 
strength of the soil (in order to obtain a value of <f)). Similarly to local and 
punching shear deformation, in general shear a linear response would be expected 
in the initial stages of deformation, shown in region A  of Figure 3.22b. As the 
soil approaches failure the response curve passes through a non-linear transitional 
stage (region B). The ultimate bearing capacity is found in the final linear stage 
(region C) after failure and where the stress at the shear planes is the residual 
strength.
As in the one-dimensional shear deformation of dense sand, dilation would 
be expected around the failure planes. It would, therefore, not be unusual to 
expect that in region B  strain softening may cause a pressure peak prior to soil 
failure. Typical estimations of the ultimate bearing capacity of a soil follow 
the assumptions of the fundamental work performed by Terzaghi. In this case 
it is assumed that the transitional response follows an exponential relationship 
similar to that seen in local and punching shear, as illustrated in the curve labelled 
“Terzaghi” in Figure 3.22b. However, bearing capacity tests of foundations in dry
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Figure 3.19: Shear planes under general shear and heaving of the material surface
Figure 3.20: Shear planes under local shear, showing the reduced extent of the 
passive failure planes and minor heaving of the surface
Figure 3.21: Shear planes under punching shear, showing little or no development 
of shear planes within the material
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Figure 3.22: Load-settlement curves in real soils
sand have measured the presence of a pressure peak at low vertical displacements 
{Az % 7% of the plate width b, for z ^ h )  [116]. This is illustrated in the curve 
labelled “Vesic” in Figure 3:22b.
The dynamic nature of stress distribution in a soil during failure has made 
the analytical characterisation of the bearing capacity behaviour of granular, fric­
tional soils extremely challenging. The quantification of the peak stress seen in 
dense granular, frictional soils is often achieved by comparison of the peak stress 
Tf with the residual strength {jr). This was quantified in shear test experiments 
as a “brittleness index” by Bishop [77]. A similar function was proposed by Vesic 
to aid in the prediction of failure mode [115]. Assuming general, local or punch­
ing shear to be directly related to the soil compressibility, the “rigidity index” 
provides values indicative of the failure mode which may be expected. While 
the value of the index is not particularly meaningful by itself, it does provide a 
relative metric against which the deformation response of a compressible soil can 
be evaluated. Vesic goes on to attempt the definition of empirical compressibility 
factors, as functions of the rigidity index, plate geometry and the angle of internal 
friction of the soil, to modify the relative weighting of the bearing capacity factors 
(Ac, Nq and Ay).
This approach considers the effect of soil relative density in terms of the 
shear stress parameters and residual strength. Alternatively, in a similar way 
to Bishop and Vesic, the effect of dilatancy in granular, frictional soils can be 
considered more directly. When calculating bearing capacities of compressible 
soils, Terzaghi proposed the somewhat crude method of direct modification to 
the strength parameters of cohesion and angle of internal friction by reduction of 
their magnitude by 33 percent [111]. A more quantitative method was proposed 
by Bolton (as shown by Perkins et al. [117]), proposing a “relative dilatancy 
index”. This approach relates the angle of internal friction at the peak stress 
{(j^ peak) with that at constant volume {(f)cv) (i.e. the residual strength). Modifiers 
are selected dependent upon the relative density of the soil and an empirical
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factor relating to the method used to obtain the values of cf) (e.g. triaxial or 
direct shear).
Such non-linear behaviours in granular, frictional material follow those iden­
tified in Section 3.2 and are seen to also have direct effect on the deformation 
response to normal loading. It was stated in the introduction to this section 
that the load bearing capacity of a given terrain will have a direct effect on its 
trafficability for off-road vehicles. However, it was seen the discussion of ter­
ramechanics theory in Chapter 2 that the estimation of such terrain parameters 
does not consider the fundamental mechanical nature of granular, frictional soils. 
It could be argued that such matters will not affect a large, massive vehicle on 
terrain producing rigid-plastic deformation behaviour. However, this is not ne­
cessarily the case in granular, frictional material, in particular as smaller, lower 
mass vehicles are less likely to deform a soil to the point of the critical state. 
The following section will consider what attempts have been made to quantify 
the pressure-sinkage response in terramechanics applications.
3.3 .4  T he pressure-sinkage relationship in terram echanics
The analysis of load bearing capacity has been shown to represent a complex sys­
tem of soil strength, failure response and related mechanical behaviours. While 
it is relatively simple to analytically define the deformation response in ideal, 
rigid-plastic soils, quantification of bearing capacity in non-ideal soils was seen 
to increasingly rely on the use of empirically derived factors. In terramechan­
ics, the soil mechanics of such deformation is considered at only a rudimentary 
level. Vehicle performance estimation is the result of the combined effects of 
soil strength, in terramechanics defined primarily by strength estimates provided 
by the Mohr-Coulomb failure criterion and soil resistance, essentially an entirely 
empirical interpretation of the load bearing capacity of a given terrain.
The pressure-sinkage relationship, used to estimate the deformation response 
of a terrain due to vertical normal load from a vehicle, is analogous to load bearing 
capacity. However, in terramechanics theory it is typically captured by either 
the Bekker or Reece empirical models. Equations (2.6) and (2.8) were used to 
characterise this response in Section 2.3.3 and are reproduced for reference below. 
From Bekker, the pressure-sinkage equation is
and from Reece,
P=  (cfcc +  76A:i) • ( I )
Despite the independent nature of their origins, both pressure-sinkage expres­
sions are seen to assume a linear log-power relationship. Both require an empirical 
power factor, the soil exponent n and both utilise empirical coefficients of the soil 
strength parameters, kc and in the Bekker form. A;' and % in the Reece form. 
Both approaches reflect a relationship between load bearing capacity and plate
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width, while the Reece model goes a step further by assuming p = f{z/b)  (also 
resulting in the beneficial outcome of having dimensionless coefficients). The 
Reece pressure-sinkage equation follows this form due to its origins in the Terz­
aghi load bearing equation (equation (3.20)), and retains factors relating to soil 
cohesion (c) and density (7 ), both of which are assumed to remain constant dur­
ing deformation. However, from the analysis of ultimate bearing capacity in soils, 
it is not clear that these models of the pressure-sinkage relationship accurately 
reflect the deformation behaviour of granular, frictional material, such as regolith.
The Wong weighted least squares method
To illustrate the nature of the pressure-sinkage relationship in terramechanics, the 
Wong method for determining pressure-sinkage coefficients from empirical data 
can be used [118]. This approach attempts to remove some of the uncertainty 
in interpreting empirical measurements of soil deformation response by the stat­
istical best fit of a trend line to the data. Assuming the terrain comprises of a 
homogeneous, isotropic continuum of surface dimensions much greater than the 
area of a load test plate, the soil directly beneath the plate can be considered as 
unconstrained when compressed by a vertical load.
In such soil it would be expected to see a response similar to one of those 
shown in Figure 3.22. However, the pressure-sinkage relationships do not make 
the distinction between general, local or punching shear. Data from a typical 
pressure-sinkage test using plates of two radii are shown in Figure 3.23a, illus­
trating the three stages of deformation; the (small) initial linear compression, the 
curved response during failure and the linear final stage after failure. The gradi­
ent of the final stage reflects the increasing mass of soil above the plate depth 
(surcharge weight). By plotting the same data on a log(p) pressure axis against 
a log(z) sinkage axis, as shown in Figure 3.23b, the linear logarithmic response 
assumed in both the Bekker and Reece pressure-sinkage models is seen.
The two lines in Figure 3.23b represent the data for each of the two plate 
radii, bi and 6 2 , and are assumed to be parallel. The tangent of the slope defines 
the value of n and the respective pressures ai and ü2 at unit sinkage z =  1 (or 
log(z) =  0) allow the (Bekker or Reece) coefficients of cohesion and angle of 
internal friction to be found by simultaneous equations.
For example, using equation (2.6),
Pi,2= ( ^  +  f c * ) - A  (3.28)
and on the log-log scale,
log Pi,2 =  log -h n log z, (3.29)
providing n from the data gradient.
Finally, at z =  1, the respective values of pressure, ai and 0 2 , can be determ­
ined,
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Figure 3.23: Pressure-sinkage data and analysis using the Bekker-Wong method 
(after Wong [119])
log (p i,„ i) =  log ( ^  +  =  ai,
log (î>2.»=l) =  log ( ^  +  =  02,
(3.30)
(3.31)
thus,
Ti — tan 0 5^ ,
(%2^2 —  0,1^1
2^ ~  1^ 
(q1 — Q2) 1^^ 2 
62 — bi
(3.32)
(3.33)
(3.34)
As it is necessary to use the natural logarithm form of equations (2.6) and 
(2.8) in the analysis of pressure-sinkage data, a weighting factor Wr is used in the 
least squares analysis to mitigate excessive weight being given to data points at 
low pressures. In the case of equation (2.6), a suitable value of Wr will minimise 
the expression
Wr In p — In ( —h k(f, ) — n In z (3.35)
In this case, equal error is assumed on all data points and the following weight­
ing factor is used.
Wr = P .
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As such, the following function must be minimised,
F  =  [Inp — In keq — n In z f  • (3.37)
Where
k
k e q  =  - F  +  k ( f , .
The first partial derivatives of F  are taken with respect to keq and n and set 
to zero. Once rearranged to allow simultaneous solution, keq is calculated for a 
given data set,
(3.38)
L p
where the soil exponent Uav is the average of the two values calculated for 
each respective plate size.
Thus, soil coefficients can be calculated using the same approach as that used 
in equations (3.30), (3.31), (3.33) and (3.34),
fc =  (3.39)
02 — Oi
4  =  (3.40)
02 — Oi
A goodness-of-fit parameter e is calculated to evaluate the closeness of the 
measured curve to that given by equation (2.6) and the calculated coefficients,
1 -  P d Y ! { N  ,
ZPm/JVp, '  ^  ^ ^
where pm is the measured pressure data points, pd the calculated pressure 
values and N  the number of measured data points. The value of e has the range 
0 < e < 1, where e =  1 is a perfect fit.
This method can also be applied to the Reece pressure-sinkage relationship.
As it is assumed that the soil coefficients are constant they can be combined with
the soil mechanical parameters, simplifying equation (2.8) to
P — {k'c +  ^k^) , (3.42)
where
A;: =  cA;:c)
k'i = 7 4 -
An identical weighted least squares method is used to determine the best fit 
values for n and, in this case, A;'^ ,
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In 4 ,  =  (3.43)
Rearranging in the same manner as equations (3.39) and (3.40), the soil coef­
ficients are calculated.
K  = (3.44)
k'l =  (3.45)
The goodness-of-fit is calculated also using equation (3.41), with respective 
values of Pd from the curve fit found using equation (2.8).
With these methods, an arbitrary point in the terrain can be characterised 
in terms of its response to vertical loading. The use of two plate sizes presents 
the minimum number of measured parameters required to find solutions to the 
respective pressure-sinkage equations. Where practical, it follows that the use 
of additional plate sizes would allow improved parameter match and reliability. 
However, the pressure-sinkage relationship as used in this example is seen to 
reflect only general form of the terrain response to a surface load. Differences in 
failure and deformation mode, which capture effects such as relative density or 
soil dilatancy (in dense soils) on terrain strength, are not specifically recognised.
3.3 .5  Sum m ary
The characterisation of terrain trafficability is a fundamental aspect in the estim­
ation of vehicle performance by the means of terramechanics. The examination of 
the pressure-sinkage relationship from a parametric approach can provide insight 
into the contributing effects of only specific soil or vehicle properties. Again, it 
is necessary to have a comprehensive understanding of the soil properties before 
meaningful results can be extracted from such data.
The underlying principle which describes the pressure-sinkage relationship is 
captured in soil mechanics by the ultimate bearing capacity of a soil. In an 
ideal material, i.e. one that fails in a rigid-plastic or elasto-plastic manner, the 
load bearing strength can be characterised uniquely by the fundamental strength 
parameters defined by the Mohr-Coulomb failure criterion. However, it has been 
shown that real soils, and granular, frictional soils in particular, exhibit further 
deformation behaviours dependent upon the soil’s relative density. Capturing 
this behaviour in the analytical description of ultimate bearing capacity in real 
soils is not possible, and must rely on the introduction of numerical or empirical 
parameters.
Examination of the mechanical response in real soils to a load plate nor­
mal to the soil surface illustrates some of the reasons why characterisation of 
granular, frictional material has proven so challenging. As with constrained, one­
dimensional deformation, additional effects must be considering as a soil is loaded 
and before failure. Relative density and brittleness due to soil dilatancy are seen
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to affect not only the load bearing capacity, but also the nature of the deform­
ation mode. Unlike in one-dimensional shear, considerable deformation may be 
required to take a failure plane to the critical state. In dense soils strength peaks 
may be seen and loose soils may never engage the full extent of the surrounding 
soil. The pressure-sinkage models used in terramechanics are based on the as­
sumption that soil parameters remain constant. Such a simple interpretation of 
soil deformation does not provide enough information about the soil strength to 
draw comprehensive conclusions on the terrain trafficability.
3.4 Definition of the research problem
At this stage, it is clear from the literature that two distinct approaches to terrain 
characterisation exist; that based on the general theory of soil mechanics and that 
based on the applied theory of terramechanics. Both are inherently linked yet, 
in both cases, gaps still exist in the understanding of deformation behaviour in 
granular, frictional soils. As such, it is now possible to define a research problem 
based on improving the understanding of vehicle-terrain interaction based on the 
study of the soil mechanics of regolith materials. This will address the question:
• Why is it typically very challenging to accurately estimate the performance 
of small vehicles on terrain comprised of granular, frictional soils ?
3.4.1 Sum m ary
Small rovers are subject to terrain deformation effects that are negligible on the 
scale of a large tank or tractor. The mass of small rovers, such as the MERs or 
ExoMars, down to that of microrovers, such as Sojourner, produce terrain loads 
that result in very low shear strengths. Furthermore, the range of slip ratios typ­
ical of granular, frictional soils will result in varying levels of shear and normal 
deformation. When characterising the trafficability of regoliths it is suggested 
that such materials, which have been observed at varying relative densities, will 
exhibit behaviours not captured by analyses based on terramechanics theory. 
Therefore, the transitional effects before soil failure, i.e. non-elasto-plastic re­
sponses and deformation behaviours due to density, will have a greater influence 
on terrain trafficability for small vehicles than more massive vehicles.
For the characterisation of regolith with respect to small rover tractive ability, 
it is necessary to analyse the terrain in terms of the fundamental soil mechan­
ics, rather than an empirical interpretation of the instantaneous response at the 
vehicle-terrain interface. By examining the deformation modes and responses in 
granular, regolith-like frictional materials, the standard terramechanics paramet­
ers can be reinforced by the additional context of deformation behaviour. This 
will provide a base knowledge of the mechanical behaviour of the terrain which 
can be incorporated into the tractive performance analysis of a given vehicle.
3.4.2 H ypothesis
Understanding the deformation response and its behaviour at different relative 
densities is extremely challenging, even in more typical soil mechanics applica­
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tions. As such, the following factors have been identified from the discussion in 
the Chapter above and in Chapter 2 as characteristics affecting terrain trafficab­
ility which are not seen directly in terramechanics analyses,
•  Density
• Dilation
• Failure mode
Each of these parameters are inherently linked to frictional soils of low or 
zero cohesion, which also describes the mechanical nature of planetary regoliths. 
Therefore, to characterise terrain comprised of regolith, it is necessary to study 
the mechanical behaviour of such material under appropriate conditions. These 
will be required to reflect the nature of both the vehicle-terrain interface of small 
to microrover scale vehicles and the physical condition of the natural terrain.
Despite the relatively simple design approach, rovers based on wheeled mo­
bility systems have demonstrated good tractive ability on regolith. However, one 
of the primary challenges in the design of such rovers is the estimation of the 
performance of such mobility systems. The analysis of tractive performance is 
based on accurate modelling of the force equilibrium at the vehicle-terrain in­
terface. Typically, this is achieved in terramechanics using the assumption that 
terrain strength is constant. However, this does not consider the behaviour of the 
soil before failure, nor does it address the deformation strength limit condition 
as terrain loading is minimised.
As such, it has been shown that the wider field of terramechanics has yet to 
consider such fundamental conditions in detail. It is seen that a comprehensive 
and fundamental knowledge of the terrain deformation behaviour is required when 
determining the deformation response under low loads where inhomogeneous and 
weak terrain is present, vehicle speed of operation is low and the soil varies in 
both its microscopic and macroscopic mechanical properties. In short:
• Trafficability analyses of terrain using terramechanics lack the information 
necessary to fully characterise the strength of regolith under small rover 
loading conditions.
The fundamental concept of strength is defined in soil mechanics in terms of 
the stress-strain relationship of solid materials. This model reflects the deform­
ation behaviour of a so-called “ideal soil”. Therefore, it is assumed that when 
loaded to the point of failure, the stress and strain responses will follow those 
of a rigid-plastic or elasto-plastic material. However, granular, frictional soils 
demonstrate a further behaviour similar to brittle materials, producing deform­
ation responses which include peaks in strength. It is seen that such behaviour 
is directly linked to terrain properties, such as changes in relative density, known 
to unpredictably affect the performance of vehicle traction. It is currently not 
possible to determine this information from standard terramechanics analyses of 
traction, in particular where loads are low and close to the terrain strength. In 
short:
• The deformation behaviour of soil comprised of granular, frictional material 
is responsible for responses not currently considered in tractive performance 
estimates.
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3.4.3 R esearch approach
The focus of this research will be to provide comprehensive data and informed 
analysis which supports the hypothesis described above. By doing so, it will 
ensure all of the objectives stated in Chapter 1 are met.
It has been shown that the modelling of granular, frictional materials is heavily 
dependent upon numerical and other empirical parameters. As the nature of the 
problem relates to material in locations which are entirely inaccessible, no such 
parameters exist which are specifically applicable to this problem. It is proposed, 
therefore, that a comprehensive replica of regolith material in the laboratory will 
be produced. This will facilitate the proposed experimental work and provide a 
strong baseline “soil knowledge” point against which the data can be analysed 
and compared.
To reflect the natural environmental conditions in which regoliths are found, 
development of preparation methods to provide precise control of the relative 
density is required. This factor will explore the nature of relative density in the 
proposed regolith analogues and determine the extent to which it can vary. Sim­
ilarly to the regolith analogues, the resulting sample preparations will provide a 
further layer of knowledge about the soil upon which the analysis of the deform­
ation behaviour can be based.
Once satisfactory terrain analogues have been produced and characterised, 
the experimental methodology allowing the replication of small and microrover 
vehicle-terrain interaction can be developed. The proposed approach will facilit­
ate the collection of high resolution data which will form the basis of the terrain 
trafficability analysis. This will provide the final layer of soil knowledge in the 
terrain trafficability characterisation and will reflect a form of the standard ter­
ramechanics shear test and pressure-sinkage test methods.
From the characterisation stages discussed above, a comprehensive catalogue 
of data can be produced. The final stage of the proposed research will address 
the application of the resulting soil knowledge, against which the tractive ability 
of a nominal microrover can be analysed.
3.5 Conclusions
The examination of the fundamental mechanics of granular, frictional soils has 
provided a much deeper insight into the behaviour of such soils at the vehicle- 
terrain interface. The result is the identification of mechanical properties which 
are either ignored or negligible in typical terramechanics applications. However, 
the combination of the hard to predict deformation behaviour of regolith-like 
materials, and the difficulties of operating small vehicles at the scale of planetary 
rovers, make applying terramechanics to this problem extremely challenging.
The strength of a terrain is defined by the limiting stress after which a soil 
will fail by shear. This is the angle of internal friction and defines the linear 
Mohr-Coulomb relationship of shear and normal stresses in a soil. The failure 
envelope described by the Mohr-Coulomb relationship reflects the soil strength 
at any normal stress. It is the soil strength which is used in terramechanics to 
define the thrust, and therefore the performance, of a massive vehicle traversing
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a deformable soil.
Accurate estimation of the thrust a vehicle can generate from a given terrain is, 
therefore, strongly dependent upon soil shear strength theory. Lunar and martian 
regoliths have been observed at many relative densities. This property of granu­
lar, frictional materials does not necessarily follow a rigid-plastic or elasto-plastic 
deformation response, which assumes a soil to be a solid, isotropic and homogen­
eous material. It is also this model of soil strength upon which terramechanics 
is based. As a sample of frictional material is deformed due to shear, further, 
distinct deformation behaviours are seen due to inter-particle interactions. The 
critical state theory of soil mechanics describes the transition to the residual soil 
strength. It also states that residual strength should remain independent of the 
initial condition of a soil sample. However, this is not true of granular, frictional 
material, as it is also necessary to consider the relative density of the soil.
It is, therefore, necessary to further study the shear strength behaviour of 
granular, frictional soils at different densities in the context of terramechanics 
theory. This includes not only the ability of a soil to provide thrust, but also 
the inherent resistances due to the process of soil deformation. Soil resistance 
to deformation is described in soil mechanics by load bearing capacity. This is 
typically used in civil engineering applications such as wall or foundation design 
and over large displacements or very high loads, the fundamental soil mechanics 
can define soil strength within a reasonable margin of safety. Where loads are of 
a much lower order, such as those of a small or microrover the time scale over 
which deformation occurs is accelerated. At this stage the impact of transitional 
behaviours before failure of the soil increases in magnitude, relative to the more 
traditional applications of both soil mechanics and terramechanics. Therefore, 
it is suggested that the deformation behaviour of granular, frictional materials 
will have a greater effect on the trafiicability of such terrains for small, low mass 
vehicles.
It is, therefore, necessary to further study the shear strength behaviour of 
granular, frictional soils at different densities in the context of terramechanics 
theory. This includes not only the ability of a soil to provide thrust, but also 
the inherent resistances due to the process of soil deformation. Soil resistance 
to deformation is described in soil mechanics by load bearing capacity. This is 
typically used in civil engineering applications such as wall or foundation design 
and over large displacements or very high loads, the fundamental soil mechanics 
can define soil strength within a reasonable margin of safety. Where loads are of 
a much lower order, such as those of a small or microrover the time scale over 
which deformation occurs is accelerated. At this stage the impact of transitional 
behaviours before failure of the soil increases in magnitude, relative to the more 
traditional applications of both soil mechanics and terramechanics. Therefore, 
it is suggested that the deformation behaviour of granular, frictional materials 
will have a greater effect on the trafficability of such terrains for small, low mass 
vehicles.
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Chapter 4 
Developm ent of new Engineering 
Soil Simulants
The concept of a terrain analogue was introduced in Chapter 2 and it is with 
such replicas of lunar and martian terrain that rover performance is examined 
prior to flight. However, analogues do not necessarily comprise of soils having 
mechanical properties representative of specific planetary regoliths. As discussed 
in Chapter 3, the mechanical deformation behaviours of a soil are subject to the 
bulk (macroscopic) properties. However, the particulate (microscopic) properties 
must also be considered, as the range of particle shapes and sizes will influence 
ability of the soil to support inter-particle structures.
When considering the performance estimation of rovers on regolith-based 
terrain, adapting to conditions where relative density does change has, to date, 
been reactive. This is exemplified in the MER rovers missions where attempts 
to better understand such behaviours came after the respective rovers became 
trapped in loose martian sands. Therefore, to understand how the strength of 
such regolith changes with bulk density for future missions, it is necessary to 
select soil simulants based on regolith properties observed under such conditions. 
However, no single simulant can provide a complete picture of the natural terrain 
found on planetary surfaces. To mitigate this, three new engineering simulants 
are proposed based on their microscopic properties, inducing discrete particle 
gradings and, to some extent, particle shape.
The ultimate application for these simulants will be the traction testing of 
the ExoMars rover testbed. The initial stages of the rover development relied 
heavily on the analytical modelling of the chassis and wheel performance. As a 
result, the chassis will comprise of a three-bogie suspension system equipped with 
a new flexible wheel, designed to maximise the ground contact area and terrain 
engagement [60, 120]. As discussed in Chapter 3, to fully characterise the rover 
performance, empirical metrics must be determined to support the numerical es­
timations of the terrain response. The performance of the design must, therefore, 
be validated using simulants based on the terrain types the ExoMars rover is 
likely to encounter.
The primary focus of this chapter is to identify soil simulants which reflect 
distinct martian regolith types. This will begin by reviewing soil mechanical 
data collected from both lunar and martian exploration missions to determine 
the mechanical properties of regolith materials. The selection methodology and
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manufacture of existing simulants will be discussed. Using these data, three new 
simulants are proposed and characterised by measurement of the microscopic 
properties. The materials are compared with in-situ parameters from the re­
spective martian counterparts to validate their properties as suitable simulants.
4.1 The mechanical properties of regolith
4.1.1 Lunar regolith
The study of lunar regolith has benefited from the direct access provided by the 
samples returned to Earth. In-situ test results in conjunction with laboratory 
data provide a deep insight into the composition and nature of the regoliths 
found at the various sites explored by the respective lander missions. The fol­
lowing section presents a review of some of the published data which describes 
the strength, macroscopic properties and microscopic properties of lunar regolith. 
Unless otherwise stated, it is assumed that all references to cohesion and angle 
of internal friction are referring to the effective form of the parameters.
Density and bearing capacity
The first estimations of the lunar surface bearing capacity were made using data 
from the Luna 9 and Surveyor 1 landings for depths of up to a few tens of cen­
timetres, below which radar data have indicated that density increases to 1.5 
g/cm^. Prior to landing, static soil strength models predicted lunar surface bear­
ing capacities in the region of 0.05 N/cm^ and equivalent dynamic estimations, 
where a penetrator is actively pushed into the terrain, between 1 to 2 N/cm^ 
[121]. Measurements based on Surveyor 1 data using pad sinkage measurements, 
however, taken from the form of the crushable structure on the base of the pads 
and observations of terrain deformation suggested a higher bearing capacity in the 
region of 4 N/cm^. This assumed the material to be homogeneous to the depth 
of approximately 30 cm (one footpad diameter). Alternatively, it was suggested 
that a soil of higher bearing capacity, approximately 7 N/cm^, overlaid with a few 
centimetres of soft material, would also be consistent with the observed landing 
data [122]. This ambiguity lies in the lack of a dedicated instrument to provide 
direct measurements.
Further bearing capacity data were provided by the successive Surveyor land­
ings, in addition to the results from the scoop experiments of Surveyors 3 and 7. 
Using the scoop, or Surface Sampler, bearing capacity was found to increase with 
depth, starting at approximately 1 N/cm^ in the top millimetre of regolith and 
increasing linearly by 1 N/cm^ per centimetre to depths of approximately 5 cm 
[92]. Trenches created by the Surface Sampler suggested an increase in strength 
to the maximum depth achieved of 18 cm. Using measurements and observations 
from the Surveyor missions, the bulk density of the lunar surface surrounding 
the landing sites was derived from the estimated bearing capacities as 1.1 to 1.7 
g/cm^ to depths of approximately 5 cm [123].
The early Apollo missions which succeeded the Surveyor landers also did not 
initially carry instruments specifically for in-situ soil mechanics experiments. In­
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stead, numerous tools were used to collect the many samples which were studied 
on their return to Earth. These tools included drills and core tubes, contact 
samplers, trenching tools, scoops of various sizes, hammers, rakes and tongs. Full 
descriptions of each tool and its operation are available in the “Catalog of Apollo 
Lunar Surface Geological Sampling Tools and Containers” [124]. The first soil 
mechanics experiment, the Apollo Simple Penetrometer (ASP), a cone penetro­
meter, was included in Apollo 14. Apollo 15 and 16 also each fiew a Self-Recording 
Penetrometer (SRP), capable of deeper, automatically recorded soil penetration 
resistance measurements. Mechanical properties of the regolith were also inferred 
indirectly through the study of footprints and LRV tracks [30, 93].
The first lunar samples returned by the Apollo 11 mission were subjected 
to particle grading analyses, compaction and mechanical strength tests. These 
data suggested the mechanical parameters to be similar to those measured at the 
Surveyor sites. Various preparations of lunar samples in the laboratory showed 
a density range of 1.36 g/cm^ to 1.80 g/crc? [125]. These measurements are 
similar to estimates from analysis of Apollo 15 and 16 footprint depths, which 
indicated in-situ densities of 1.36 g/cm^ to 2.15 g/cm^ and 1.5 g/cm^ to 1.8 
g/cm^, respectively [39, 126]. Astronaut operations at the Apollo 11 landing site 
provided the first evidence of localised variation in terrain density through the 
observation of increased sinkages in crater rim areas. The astronauts experienced 
footprint sinkages of up to 15 to 20 cm in these areas, in contrast to the few 
centimetres observed in the inter-crater regions. The LRV, used in in Apollo 15, 
16 and 17, experienced average inter-crater sinkages of only 1.5 cm and no deeper 
than 5 cm [39, 126, 127].
Variation in terrain compaction was observed between Apollo landing sites. 
The terrain at the Apollo 11 site was found to be of comparatively high compac­
tion, with the astronauts struggling to obtain core samples past depths of 15 cm or 
trenches deeper than 10 cm. At the Apollo 12 site cores of up to 70 cm depth were 
obtained and trenches 20 cm or more were easily achieved [128]. At the Apollo 
14 site, cores of up to 40 cm were obtained and the SRP was used to depths of 74 
cm in Apollo 15 and 16 [39, 126, 129]. From these data, the average inter-crater 
terrain porosity was estimated at 45 percent, dropping to 43 percent on mountain 
or crater slopes and rims. The variation in soil strengths between sample sites is 
the attributed to terrain inhomogeneities in terms of particle sizes and relative 
densities, observed in core sample studies from all Apollo sites. Footprint depth 
analysis at the Apollo sites suggest that in general, very little variation in the 
terrain density exists in the upper few centimetres of regolith [127]. This helps 
to build a picture of the terrain structure in the top few tens of centimetres of 
regolith. A casual observation of the terrain might suggest a relatively homogen­
eous body of material. However, the minimal variation is only true at the terrain 
surface, masking potentially weaker distributions of material directly beneath.
Grain size and shape
The loose layer of lunar regolith, as thin as a few centimetres in some locations, 
is the result of a pulverisation mechanism from a constant “gardening” of the 
terrain surface by micrometeroite impacts. This is unique to planetary bodies, 
such as the Moon, which lack a protective atmosphere and is responsible for
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(a) Lunar agglutinate (b) Terrestrial volcanic ash
Figure 4.1: SEM images of lunar regolith dust and terrestrial volcanic ash (Images 
after Heiken et al. [29] (a); UAF/GI/AVO (b)).
the production of highly angular, pitted particles, described as sharp and glassy 
agglutinates [29]. Such particles are formed from clumps of fused particles, liquid 
rock depositions and plasma condensates which are highly abundant in the lunar 
dust. A SEM image of a typical agglutinate particle is shown in Figure 4.1, 
alongside a similar image of one of the closest terrestrial analogues, volcanic ash 
particles. The similarity in the form of these particles lends strong support for 
the evidence of the micro-meteorite gardening mechanism in the production of 
lunar regolith.
The particle size distribution of lunar regolith is also seen to be relatively 
homogeneous at the sites where tests were performed. The full range of particle 
sizes measured in lunar samples encapsulates very fine particle,s as low as 10 fim 
in diameter, up to coarse gravel, several millimetres in diameter [29]. Figure 4.2 
shows the trend in regolith PSD measured using Apollo 11 to 16 and Luna 16 
samples. With the exception of the coarse samples found at some Apollo 14 sites. 
Table 4.1 summarises the median particle sizes, which are seen to range from 40 
to 70 fim up to 100 to 120 //m.
Table 4.1: Median particle size distributions found in lunar regolith samples
Mission Median PSD (/xm)
Apollo 11 48 -  105
Apollo 12 4 2 -9 4
Apollo 14 75 -  802
Apollo 15 51 -  108
Apollo 16 76 -  112
Apollo 17 40 -  120
Luna 16 70 -  120
Luna 20 70 -8 0
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Figure 4.2: Particle size distributions of Apollo and Luna regolith samples (After 
Heiken et al. [29])
Mechanical Strength
The nature of the mechanical behaviour of lunar regolith is somewhat unusual, 
while it has the appearance of weak powder, clods of regolith material observed 
in photographs of the lunar surface show its cohesive nature. Such properties 
were demonstrated in trench walls, core tubes and samples all maintaining their 
structural integrity. Surveyor trenches as deep as 18 cm were observed to hold 
the form of their walls and weak clumps of regolith were observed in-situ and 
in laboratory samples and were possible to re-form [125]. Furthermore, during 
sieving clumps were seen to break up and re-form and particle adhesion to rock 
samples and tools was also observed. With the absence of liquid water on the 
lunar surface this behaviour is likely attributed either to interlocking of the highly 
angular particles, or through electrostatic charging from the solar wind [130].
Various in-situ but indirect methods were used to estimate the strength of 
the regolith, including jet blasts from the lander thrusters and observation from 
trench wall structure and terrain “bulge” after shearing [123]. The estimated 
values from these experiments provided a wide variation of values, with suggested 
cohesions of 0 to 15 kPa and friction angles from 0° to 55°. Clearly, the lower 
bound of the angle of internal friction is meaningless in general and without the 
context of additional information informing the values, these results are nominal 
at best. However, the some of the most widely accepted Surveyor values are 
those derived from the Sampler experiments, based on direct interaction with the 
terrain. These results suggested typical cohesions of 0.35 to 0.70 kPa and angles 
of internal friction of between 35° and 37° describing, in general, the strength of 
the inter-crater regions of lunar regolith [29].
The Apollo 11, 12 and 14 soil mechanics experiments all provided results 
comparable to the Surveyor data, with cohesion in some cases lower than 1 kPa 
and angle of internal friction of approximately 35° to 45°. More coarse regoliths.
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with particle sizes up to several millimetres in diameter and more poorly sorted, 
were seen in some locations at the Apollo 14 site. Low cohesions of 0.35 to 0.7 kPa 
have been observed at the Apollo 14 site and trench walls were seen to collapse 
at depths of 33 cm [129]. A somewhat wider range of internal friction angles were 
observed at the Apollo 15, 16 and 17 sites, with angles of internal friction as low 
as 25° and up to values of over 50° [131, 39]. These data have been compared and 
seen to support Lunokhod penetrometer data, also showing estimated cohesions 
of 0.1 to 1.0 kPa and angles of internal friction of 30° to 50° [30].
Summary
The return of lunar regolith samples to Earth has allowed for the detailed ana­
lysis of the microscopic properties of the granular material. Furthermore, the 
heavy duty equipment taken to the lunar surface during the Apollo missions has 
allowed deep trenches and core samples to be taken. Consequently, and despite 
only having explored limited regions of the lunar surface, detailed studies of the 
chemical, mineralogical and mechanical properties have been possible.
In general, the lunar regolith is found to be relatively homogeneous in its 
physical composition in inter-crater regions. Examination of both the nature of 
the surface material and the composition of core samples, however, shows the 
regolith to be highly compacted at depths below several decimetres, with a “top 
soil” comprised of looser material. As such, density in the lower layers can be as 
high as 2 g/cm^ or more, whereas looser material is found at densities between 1.3 
and 1.5 g/cm^. The bearing capacity of the compacted regolith is easily sufficient 
to support larger vehicles, such as the Luna, Surveyor and Apollo landers, as the 
loose upper layers in the inter-crater regions are relatively shallow (1.5 to 5.0 cm) 
in relation to footpad size (approx. 30 to 100 cm in diameter). Regions of loose 
material are, however, still found in the inter-crater regions in addition to slopes 
and crater rims. The depths of such loose regolith are found to be sufficient to 
allow significant sinkage of a rover wheel, lander footpad or astronaut boot.
Despite homogeneity in the composition of the regolith material, a distinct
Table 4.2: Lunar regolith mechanical properties, (x: no data)
Mission Bulk
Density
(g/cm^)
Void ratio 
(min -  max)
Cohesion
(kPa)
Friction 
angle (°)
Surveyor 1 0.3 -  1.5 X 0.13 -  0.40 3 0 -5 5
Surveyor 3 & 7 1.5 0.67 -  2.33 0.35 -  0.70 3 5 -3 7
Apollo 11 0.74 -  2.0 0.67 -  1.39 0.75 -  2.10 3 7 -4 5
Apollo 12 1.55 -  1.90 1.63 -  2 0.56 -  0.75 3 8 -4 4
Apollo 14 1.45 -  1.6 0.87 -  2.37 <0.03 -  0.10 3 5 -4 7
Apollo 15 1.35 -  2.15 0.71 -  1.94 1.00 47.5 -  51.5
Apollo 16 1.38 -  1.75 0.49 -  1.15 0.25 -  1.30 46.5 -  50
Apollo 17 1.57 -  2.29 0.77 0.17 -  1.80 3 0 -5 0
Lunokhod 1 1 .5 - 1.7 X 0.26 -  4.8 2 5 -5 0
Lunokhod 1 & 2 
(average)
X X 0.40 40
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distribution in the mechanical strength is seen. Relative density may produce 
such results, as the highly angular nature of agglutinates suggests a high degree 
of particle interlocking will occur, increasing material strength as compaction is 
increased. The lunar regolith parameters, porosity and bearing capacity values 
presented above are summarised in Table 4.2. These data support two conclu­
sions; firstly, confirmation that surface regolith is found at a range of relative 
densities and secondly, that the relative density of the lunar regolith influences 
the terrain strength. The increased terrain strength is reflected in the higher 
values of cohesion and angle of internal friction.
4.1 .2  M artian regolith
Exploration of the martian surface using robotic platforms has taken place over a 
significant period of time. While this (until recently) exceeds the period of time 
spent exploring the lunar surface and has provided a broad set of data, the same 
detail of analysis seen in lunar regolith data is not available. This is, in part, 
due to the fact that no martian regolith samples have been returned to Earth for 
laboratory analysis. The data that are available are from the sometimes limited 
regions reached by the exploration platforms. Mission objectives have typically 
focused on scientific objectives, related to chemical analyses, geology and hydro­
logy and have not included instruments to directly measure either macroscopic 
or microscopic physical parameters of the regolith. Instead, the estimation of 
mechanical properties has relied on indirect methods based on observations of 
interactions with the terrain.
Density
Martian soil density estimates from the Viking missions were made using meas­
urements from terrain impacts by components ejected from the landers, such as 
retaining bolts, and the footpad interaction with the terrain. Examination of the 
dimensions of the crater developed by an 8.2 cm long pin (of known mass) used 
in the robotic manipulator boom housing indicated a surface material density of 
1.2 to 1.7 g/cm^. Further estimations of density in deeper layers were obtained 
by analysis of the excessive sinkage of a Viking 1 “Footpad 2” , which sank to a 
depth of 16.5 cm on impact [132]. In comparison, the third footpad sunk to only 
3.6 cm and the identical footpads on Viking 2 to under 2.5 cm. Combining the 
data recorded by stroke gauges, built into the legs, and the impact velocity, the 
regolith density under Footpad 2 was estimated at 1.0 to 1.6 g/cm^ [133].
Similar average bulk density estimates were obtained through examination of 
the angle of internal friction and cohesion of the terrain surrounding the MPF 
rover. Specifically, the method linking lunar regolith track geometry to mechan­
ical properties including porosity, indicated an average bulk density of the martian 
regolith surrounding Sojourner of 1.5 g/cm^ [30, 42, 134]. Rover wheel interac­
tion with the terrain also identified and demonstrated the “cloddy” nature of 
some areas of regolith. Unlike loose material, cloddy regoliths demonstrate both 
brittleness at failure and cohesive properties in the clumps which remain. Such 
materials have been estimated to have densities of up to 2 g/cm^ [79].
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Table 4.3: Median particle size distributions found in martian regolith samples
Material type Particle size distribution (fam)
D rift
MPF 1 0 - 4 0
MER 1 - 2
Aeolian
Viking 10-100
MER 60 -  160, 250 -  500
Coarse
Viking 2000 -  3000
MER 1000 -  2000
Grain size and shape
Detailed PSD measurements of lunar regolith were possible through analysis of 
the Apollo core samples returned to Earth. As no such equivalent is available 
for the martian regolith, particle sizes have typically been estimated from obser­
vations of martian regoliths by various indirect means. The particle size distri­
butions of these data are summarised in Table 4.3 (from Herkenhoff et al. and 
Colombek et al. [79, 80]).
During the landing of both Viking 1 and 2 the engine exhaust plumes were seen 
to displace surface fines and expose deposits of coarse grains beneath. Natural 
aeolian processes were observed to create a similar effect in the dunes and drifts 
surrounding the Viking 1 landing site. Larger, 10-100 /im particles appeared 
less susceptible to aeolian processes due to apparent cohesive effects holding the 
material in place. A lack of particles in the range of 100-200 /zm were seen, 
suggesting either weaker cohesive properties had allowed aeolian processes to 
transport the material elsewhere or broken the particles down into smaller sizes. 
Indeed, it is believed that up to 60 percent of the “sandy” regolith regions were 
comprised of particles under 100 fim in diameter [135].
Spillage trails from the extendible Surface Sampler manipulator collector head 
-  equipped to both Viking 1 and 2 and used for sample acquisition and manip­
ulation of the surrounding rocks -  also allowed particle size distributions to be 
estimated by observation of the particulate segregation by local winds. Numer­
ical modelling of this system suggested particle sizes in the region of 2 to 3 mm 
diameter [133]. Analysis of twilight observations made by the Viking landers in­
dicated a significant presence of material under 1 jum diameter suspended in the 
atmosphere [135, 136].
Evidence of finer material was suggested by the smooth, reflective face pro­
duced after compression of the terrain surface by the collector head, an identical 
observation to which was made in the tracks of the MPF rover and from contact 
patches made by the Mossbauer instrument mounted to the MER rovers (see 
Figure 4.3) [42, 137]. At the MPF site, the regoliths encountered by the rover 
were observed by the on-board cameras, capable of resolving particles down to 
650 /im (when at ranges of under 1 m) and estimated from wheel track and wheel 
abrasion experiment (WAE, detailed in [138]) data. The soft surface dust grain
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Figure 4.3: Microscope image showing the impression of the Mossbauer instru­
ment in the martian surface fines (after Herkenhoff et al. [137])
sizes were estimated through observation of the MPF rover wheel track forms and 
reflectiveness of the WAE samples to be 10 to 40 //m in diameter [139].
The segregation of martian regolith particle size distributions presents three 
distinct categories which have also been identified by MER data; drift sand, 
aeolian sand and coarse sands. Drifts are commonly observed in the aeolian 
“shadows”, found behind rocks and boulders, with particle sizes of 1 to 2 jim 
and at low bulk densities of approximately 1.0 to 1.3 g/cm^. Aeolian deposits 
have been observed by both Spirit and Opportunity in the troughs of sand ripples 
[137]. The particle size of aeolian deposits are below the resolution of the MER 
Microscope Imager (MI) and are therefore lower than 210 jim. diameter. Thermal 
inertia estimates, however, suggests the average aeolian particle size to be ap­
proximately 45 /im, ranging from 60 to 160 /im. Some data also suggest particles 
of 250 to 500 /im grains may be mixed with these deposits. Coarse materials are 
observed at the peaks of aeolean ripples, with particle diameters of approximately 
1 to 2 mm [79].
Particle shape is difficult to determine without high magnification microscopic 
equipment. Larger aeolian particles have been observed with rounded form, as 
expected from material of high mobility, and coarse material is seen to be rounded 
to ellipsoidal in shape. In addition to regions of sand ripples, similar aeolian and 
exposed coarse deposits were observed in crater floor bedforms [140].
Mechanical strength
The physical appearance of martian regolith is described as a fine, dusty granular 
material. It is primarily frictional in nature, however, cloddy, cohesive properties 
are also observed, for example, at the base of the trenches excavated by the 
Viking surface sampler. The trenches were also observed to support walls of 
6 cm depth, suggesting cohesion in the region of 0.01 to 0.1 kPa. Analysis of
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Figure 4.4: Martian regolith shear stress data measured by the Sojourner rover 
(after “The Rover Team” [42])
the trenching resistance force, inferred from Surface Sampler motor currents, 
suggested a slightly higher cohesion of under 2 kPa and an angle of internal 
friction of approximately 36° was also possible [136].
The MPF landing site exhibited similar surface characteristics to the Viking 1 
landing site, comprised of relatively high rock distributions surrounded by patches 
of firm regolith. The shear strength of the softer regoliths encountered by the 
MPF rover were characterised by stress measurements using the rover wheel. 
Example data for the regolith strength in the top 1.5 cm are shown in Figure 
4.4, providing c and 0 estimates of 0.01 kPa and 35.1°, respectively. Further 
analyses at several other sites suggest an average angle of internal friction of 
36.6°, with a range of 32° to 41°, and an estimated average cohesion of 0.24 kPa, 
with values ranging between 0.12 and 0.36 kPa [42]. These values are conclusive 
with the average results from the Viking lander sites and typical of fine, loose, 
granular frictional sands. The rover also observed surface regolith layers of a few 
centimetres of extremely fine dusts overlying more compacted, cloddy material, 
as seen in both the Viking and MER missions and reminiscent of lunar terrain. 
Such surface layers of dusty drifts were estimated to have friction angles of 28.2°, 
much lower than the cloddy layers at 41.0° [42].
The cloddy regolith found at the MER landing sites suggests higher cohesions 
of 1 to 4 kPa, due to weak cementation or electrostatics [79, 137]. At Meridiani 
Planum, the Opportunity landing site, cohesion was estimated between 1 to 3 
kPa, with approximate angles of internal friction of between 30° to 40°, and 15° 
to 21° in drift deposits. The crater walls were, however, found to be of lower 
density, with a cohesion of 0.5 kPa [80, 140].
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Summary
The properties of the martian terrain, summarised in Table 4.4, are seen to be 
more varied than the ubiquitous nature of the lunar surface. Like the lunar 
surface, the martian terrain is comprised primarily of loose, dry dusts and fine 
sands. However, the production of regolith material is due to environmental 
processes, resulting in the production of sub-categories of regolith types. The 
most prevalent is fine, aeolian sand, similar in particle size ranges to the top 
layers of lunar regolith but observed to have less angular particles. Two further 
regolith types are also seen in widespread deposits, very fine drift material and 
coarse material.
What is not clear from these data is the eflFect of lower gravitational accel­
eration (both on the martian and lunar surfaces). Empirical observations have 
provided insight into the shear and failure strengths of dry sands when subjected 
to plate and wheel loading under differing gravitational conditions [17, 141]. Soil 
cutting experiments have also been carried out in simulated martian and lunar 
gravitational conditions for periods of 20 to 30 s [32, 142]. The results from 
parabolic flights of lunar simulants suggest that the mechanical response of these 
soils does not change significantly in lower gravitational conditions due to low soil 
surcharge forces. Using these data, methods have since been proposed to calib­
rate terrestrial wheel test procedures for extraterrestrial gravitational conditions 
when wheel mass remains identical, rather than wheel load [143]. However, fur­
ther analysis of the problem is required to fully understand the effects of gravity 
on soil behaviour.
Further properties observed in the martian terrain provide evidence that Mars 
was once a wet planet. Cloddy and cemented terrain is common, seen in the dis­
tinct tracks left by rover wheels, clumps in the terrain and impressions left by 
scientific instruments. The higher cohesion of such material allows better trac­
tion than on loose drift or aeolian sands. Conversely, the atmospheric processes 
which move and deposit regolith material across the martian surface produce dis­
crete regions of varying bulk densities in the top few decimetres of the terrain. 
Drift and aeolian deposits, therefore, present very weak terrain typically of poor 
trafiicability for small rovers.
4.2 R egolith analogues and sim ulants
Having reviewed the mechanical properties of lunar and martian regolith, it has 
been shown that the variation in terrain strength and density, which is known 
to affect terrain trafficability, is a common feature of the respective terrains. 
Furthermore, the martian atmospheric mechanisms present further sub-categories 
of regoliths, each with their own unique trafficability characteristics. To further 
understand how such properties affect terrain strength for rover mobility, it is 
necessary to identify terrestrial materials suitable for use as regolith analogues.
The terminology associated with regolith analogues does not always follow 
strict definitions. The terms “soil” and “regolith”, and “analogue” and “simu­
lant” , are used interchangeably. Although strictly speaking the term “soil” can, 
in some cases, imply the presence of biological processes in its development, this
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Table 4.4: Summary of martian regolith physical and mechanical properties
Material Bulk density (g/cm^) Cohesion {kPa) Friction angle (°)
Drift
Viking 1 1.0 -  1.6 1.6 14-21
MPF 1.1 -  1.3 0.18 15.1 -  33.1
MER 1.0 -  1.3 <1 15 -21
Aeolian
Viking 1, 2 1.2 -  1.7 0.2 -  2.3 2 8 -3 4
MPF 1.1- 1.3 0.12 -  0.36 32 -4 1
Cloddy
Viking 1 1.6 5.1 38
Viking 2 1.4 1.1 34.5
MPF 2.0 -  2.2 0.01 -  0.31 37 -4 1
MER 1.2 -  1.5 1 - 4 3 0 -4 0
should not be assumed to be the case here. Furthermore, “regolith” is commonly 
used to describe loose materials comprised of a broad range of particle grain sizes 
and larger objects such as gravel, rocks and boulders. The materials used here are 
all assumed to fall at or below coarse particle sizes, i.e. under 1 mm maximum 
diameter.
Many artificial terrain analogues make use of granular materials as regolith 
analogues, selected specifically for their mechanical similarities to the lunar and 
martian terrains. Other properties, such as the chemical, organic or magnetic 
characteristics may be desirable in certain cases, however, these are not necessar­
ily all required when attempting to replicate the mechanical properties of regoliths 
[144, 145]. It is also clear that there are many commonalities in the mechanical 
parameters of both lunar and martian regoliths. It is challenging to precisely 
replicate the mechanical and physical properties of a specific soil, whether ter­
restrial or otherwise, due to the inherent, natural inhomogeneities of a given 
terrain. Regolith analogues, therefore, attempt to replicate the general response 
of a target terrain, based on data from in-situ observations.
Simulants are selected from terrestrial rock or sand deposits and character­
ised using much the same methods as those used to obtain planetary and lunar 
properties. Production may simply rely on the collection or selection of a ma­
terial with no further processing. Alternatively, mechanical parameters may be 
modified by mixing with other materials or mechanical processing to change the 
physical shape or size on the microscopic scale. Several regolith simulants used 
in both lunar and martian terrain analogues are discussed below. This list is 
by no means exhaustive, many granular materials are used in vehicle and rover 
development laboratories around the world. However, those presented illustrate 
the methods used in their production and the resulting mechanical parameters.
4.2.1 Lunar regolith  sim ulants
The Apollo programme saw the use of crushed basalt as a Lunar Soil Simulant 
(LSS), used in the development of the LRV mobility system and the penetromet­
ers in the later Apollo missions [39, 146]. For this purpose, basalt was ground to
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ranges of particle size distributions and combined in various mixtures to obtain 
mechanical parameters similar to those measured in the Surveyor data. The spe­
cific recipe for the LSS (40/60 mix) is not provided, but represented the particle 
size distribution believed to most closely represent the lunar regolith prior to the 
Apollo 11 landing. LSS (40/60 mix) was characterised and found to support bulk 
densities between 1.5 and 1.8 g/cm^, cohesion of under 1 kPa and friction angles 
of between 35° and 39°. After examination of Apollo 11 and 12 return samples 
the LSS (40/60 mix) refined to better reflect the particle size distribution of the 
lunar regolith based on examination of return samples. The new mixture was 
referred to as the LSS (11/12 mix).
After Apollo, attention focused on Mars and few new lunar simulants were 
considered until the 1990s. The JSC-1 lunar simulant was also comprised of 
a basaltic rock sourced from volcanic ash deposits. The material was milled 
to the required PSD, an average of approximately 100 /xm, and produced in 
bulk quantities of approximately 13 tonnes. Mechanical characterisation of the 
simulant provided angle of internal friction and cohesion values of 45° and 1 kPa, 
respectively [147]. More recently, replacement simulants, JSC-1 A, AF and AC, 
were manufactured. These materials were also derived from volcanic ash deposits 
and provided materials of similar PSD to JSC-1 (JSC-1 A), a fine variant with 
an average particle size of 27 /xm (JSC-IAF) and a coarse variant (JSC-1 AC). 
Characterisation of JSC-IA showed angles of internal friction of 37° to 39°, at 
densities of 1.66 to 1.94 g/cm^. Cohesion was measured at 0.8 to 6.8 kPa at a 
bulk density of 1.66 to 1.94 g/cm^ [145, 148].
A third simulant. Black Point-1 (BP-1), is currently in use today in the NASA 
“Lunabotics” university competition. It is also sourced from volcanic deposits in 
the same region as JSC-1 and JSC-IA and demonstrates similar properties and 
particle size distribution [149]. In contrast to JSC-1, JSC-IA and BP-1, a second 
lunar simulant has been developed at NASA Glen Research Centre based on a 
mix of “off-the-shelf” sand products to match the average lunar regolith PSD. 
Referred to as “GRC-1”, the simulant has bulk densities ranging between 1.60 
and 1.82 g/cm^, with corresponding angles of internal friction of 29.8° to 44.4° 
and cohesion of close to 0 kPa [17, 32].
The Japan Aerospace Exploration Agency (JAXA) has also shown interest in 
the development of lunar surface missions and has produced the lunar regolith 
simulant “FJS-1” [150]. Based on the PSD of lunar regolith, this material is 
capable of supporting bulk densities of 1.49 to 2.02 g/cm^. The angle of internal 
friction and cohesion ranges from 40.1° to 44.6° and 1.07 to 2.78 kPa, respectively. 
A similar simulant also produced was Toyoura sand, with a slightly lower bulk 
density range than FJS-1 of 1.34 to 1.64 g/cm^ and friction angle and cohesion 
ranges of 38° to 40.7° and 2.08 to 2.66 kPa, respectively [142].
4.2 .2  M artian regolith  sim ulants
During the development of the Viking lander prototypes, landing and load bearing 
tests were performed using regolith simulants, including the Apollo LSS [133]. 
The Sojourner development team also tested the Rocky 4 development rover 
with lunar soil simulants, despite having mechanical data for the martian regolith
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following the Viking missions [151].
Following the MPF mission, the JSC Mars-1 simulant was developed primar­
ily based on volcanic ash deposits. The simulant was shown to to support a bulk 
density range of 1.16 to 1.92 g/cm^, and friction angle and cohesion values of 
41.4° and 0.06 kPa, respectively [33]. As further data have been collected by sub­
sequent surface missions, including MER and the Phoenix lander, to widespread 
locations, the development of a series of follow up simulants has been possible, the 
Mojave Mars Simulant (MMS) series, with mechanical parameters closer to in- 
situ measurements of both sand and dust deposits. The resulting friction angles 
are 38° to 39° for MMS Sand I and II, respectively. MMS Dust I and II angles 
of internal friction were measured at 31° to 30°. Cohesion values were measured 
as 0.8 to 1.96 kPa for MMS Sand I and II, and 0.38 to 0.53 kPa for MMS Dust 
I and II [152]. However, these parameters were only measured at a single bulk 
density for each respective simulant; 1.38 g/cm^ and 1.34 g/cm^ for MMS Sand 
I and II and 1.08 g/cm^ and 0.91 g/cm^ for MMS Dust I and II.
The numerous rover development laboratories situated at JPL make use of 
other simulants. Another crushed volcanic rock, used in the MER yard, has 
an angle of internal friction of 47.9° to 53.3° and cohesion of 0.149 kPa at bulk 
densities between 1.48 and 1.69 g/cm^ [33]. In Europe, the ExoMars rover traction 
testing initially used various dust-free washed and dry quartz sands in the Astrium 
Mars Yard [120]. Further tractive performance analyses were performed in the 
DLR Mars Yard in Oberpfaffenhofen on a 80/20% mixture of dry, granular quartz 
sand and sharp, broken stones [59].
4.2 .3  Correlation of density and regolith  analogue strength
Previous work by Heiken [29] and Perko [33] has attempted to correlate the 
angle of internal friction and cohesion with relative density. Using the simulant 
parameters discussed above it is possible to expand on the data shown in Figure 
2.8 to assess whether the proposed correlation holds for other simulants sourced 
from a wide number of regions and reflecting various lunar and martian regolith 
types.
A summary of the data from Sections 4.2.1 and 4.2.2 is shown in Table 4.5. 
Figures (Figure 4.5) and (Figure 4.6) plot these data, showing the sensitivity to 
relative density of cohesion and of angle of internal friction for lunar and martian 
regolith simulants, respectively. The lunar simulant parameters (Figure 4.5) show 
little sensitivity to angle of internal friction, although a trend for a small increase 
in angle of internal friction is seen as relative density is increased. No consistent 
correlation is seen with respect to cohesion in the lunar simulants. An exception is 
seen in JSC-IA. in the martian simulants little correlation is seen between relative 
density and both cohesion and angle of internal friction (Figure 4.6). However, 
caution should be taken in drawing conclusions from any these data due to the 
limited data points available for each respective set.
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Simulant
Table 4.5: Regolith simulant mechanical parameters
Density (g/cm^) Cohesion (kPa) Angle of internal friction (°)
Lunar Low High Mean Low High Mean Low High Mean
LSS (40/60 mix) 1.50 1.80 1.65 1.00 1.00 1.00 35.00 39.00 37.00
JSC-1 1.50 1.65 1.58 1.00 1.00 1.00 45.00 45.00 45.00
JSC-IA 1.66 1.94 1.80 0.80 6.80 3.80 37.00 39.00 38.00
GRC-1 1.60 1.82 1.71 0.00 0.00 0.00 29.80 44.40 37.10
FJS-1 1.49 2.02 1.76 1.07 2.78 1.93 40.10 44.60 42.35
Toyoura sand 1.34 1.64 1.49 2.08 2.66 2.37 38.00 40.70 39.35
Martian
JSC Mars-1 1.16 1.92 1.54 0.06 0.06 0.06 41.40 41.40 41.40
MMS sand I 1.38 1.38 1.38 0.81 0.81 0.81 38.00 38.00 38.00
MMS sand II 1.34 1.34 1.34 1.96 1.96 1.96 39.00 39.00 39.00
MMS dust I 1.08 1.08 1.08 0.38 0.38 0.38 31.00 31.00 31.00
MMS dust II 0.91 0.91 0.91 0.53 0.53 0.53 30.00 30.00 30.00
JPL Mars yard 1.48 1.69 1.59 0.15 0.15 0.15 47.90 53.30 50.60
LSS (40/60 mix) 
JSC-1 
JSC -IA  
GRC-1 
FJS-1 
Toyoura sand
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Figure 4.5: Comparison of mechanical parameters for a range of lunar simulants 
against the density
7
6
^  5 
| 4  
I  3 
"  2 
1 
0
JSC Mars-1
—I------MMS sand i
^ —  MMS sand II
— MMS dust I
— MMS dust II
—  JPL Mars yard
0
X
0.5 1
Density (g/cm^)
%  t
1.5
.5
I
CD
I 30
*o
I
0 0.5 1 1.5 2
Density (g/cm )
Figure 4.6: Comparison of mechanical parameters for a range of martian simu­
lants against the density
91
4.3. SIMULANT SELECTION FOR THE ESA EXOMARS ROVER TESTBED
4.3 Simulant selection for the ESA ExoM ars rover 
testbed
The properties of the lunar and martian regolith indicate the strength of the 
natural terrain varies based on macroscopic properties, such as relative density, 
and microscopic properties, such as the physical particle parameters of size and 
shape. This observation is particularly prevalent when considering martian rego­
lith, due to the different ranges of particle sizes and strengths identified in the 
terrain types.
As part of the development and testing of the ExoMars rover, the require­
ments for three new martian Engineering Soil Simulant were identified. These 
soils will replicate the regolith categories discussed in Sections 4.1.1 and 4.1.2, 
comprising of drift, aeolian and coarse (i.e., larger particles found beneath drift 
material) sands. The complete ExoMars rover prototypes will be tested in terms 
of the mobility performance using these simulants to validate numerical and semi- 
empirical modelling of performance estimates.
This work was part of a collaborative effort to improve and increase the range 
of simulant materials available at the SSC. The following section reflects the work 
performed in the selection and physical characterisation of three new martian soil 
simulants. The objective was to produce validated regolith simulants based on 
terrestrial materials, suitable for use in creating terrain analogues for traction and 
trafficability experiments. The methods and findings were provided in a technical 
report to Astrium and later formally published [36, 153].
4.3.1 Target param eter specification
In the selection of new simulants, the challenge is to ensure the terrestrial ma­
terials are similar in their physical parameters, and thus their mechanical char­
acteristics, to those observed on the martian surface. The materials targeted for 
the new simulants are defined primarily by their particle size distribution and 
secondarily by particle shape (including grain angularity and sphericity). For the 
purpose of traction testing, the chemical composition of the prospective simulant 
materials is not necessary for consideration during the selection process. The 
three regolith types which have been identified in the above literature support 
the following classifications presented by Astrium for use in the ExoMars rover 
testbed.
Engineering Soil S im ulant-1 (ES-1): a fine dust/drift analogue;
Engineering Soil Sim ulant-2 (ES-2): a fine aeolian sand analogue;
Engineering Soil SimuIant-3 (ES-3): a coarse (sub-)aeolian sand ana­
logue.
To simulate these regolith types the materials considered are all expected to 
be commercially available, off-the-shelf products, to ensure ease of procurement 
in large quantities. The following description in this Section presents the method­
ology and analysis developed and executed to select suitable simulant materials 
for use by Astrium in the ExoMars rover testbed.
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Table 4.6: Simulant physical property requirements
Simulant Modal size 
(//m)
Maximum 
size (fjLm)
Minimum 
size (fim)
Material Shape
ES-1 10 32 <10 Nepheline Not specified
ES-2 - 125 >30 Quartz Sub-rounded
ES-3 400-600 20,000 >30 Quartz Angular to 
sub-angular
For testing and experimental purposes, the selected simulants were expected 
to be available in quantities of at least 3 tonnes. On completion of the rover test 
campaign, however, the materials were required to be available in bulk quantities 
in excess of 70 tonnes within a period of a few days. This ruled out the option of 
sourcing the simulants from new, raw materials.
From the martian regolith types identified above it is possible to specify PSD 
range requirements for the granular source materials of each simulant. For ES-1 
a “modal” value was proposed, i.e. the most prevalent particle size within the 
distribution of particle sizes within the material. The modal values for ES-3 more 
typical of standard soil mechanics parameters, with a PSD corresponding to the 
D20 — Dgo particle sizes, i.e. the range of particle diameters representing above 
20% and below 80% of the total soil weight. No modal values were provided for 
ES-2 and the selection criteria were a maximum and minimum particle size range 
(i.e. the Dq — Dioo particle sizes).
The extremely fine nature of drift material falls outside of the PSD of typical 
quartz sand products. Instead, nepheline power was proposed by Astrium as an 
ideal source material for ES-1. Nepheline is a rock type comprised of aluminosilic- 
ate feldspars of sodium and potassium. In powder form it offers PSDs in desirable 
ranges comparable to martian drift (see the information sheet in Appendix A). 
Moreover, it is of similar specific gravity to silica sands and is less hygroscopic 
than quartz materials, making it easier to work with under laboratory conditions. 
Silica sands were proposed as source materials for ES-2 and ES-3 to match the 
particulate densities of the respective regoliths. Desirable particle shapes were 
identified, but not specified as mandatory in the requirements. These considera­
tions in the selection of the simulant materials constitute the high level properties 
required by Astrium and are summarised in Table 4.6.
To identify potential materials as proposed simulant candidates based on these 
requirements, a number of silica sand and nepheline powder products available 
from various UK aggregate suppliers were analysed and compared. These para­
meters were identified from specification sheet data provided by the respective 
suppliers. Figure 4.7 shows the specification sheet PSD data for the large ini­
tial group of materials considered for use. ES-1 was sourced from the Sibelco 
Stjernpy nepheline syenite supply, available in several PSDs. Two materials were 
found to fall within the ES-2 specification, SSC-2 and Redhill 110 fine silica sand. 
Source materials suitable for ES-3 were more widely available. Several options 
from Sibelco, Garside and CML were all found to be a close match to the ES-3 
PSD requirements.
A number of candidate materials were dismissed by considering only those 
supplied by Sibelco UK and the SSC simulants. Both were found to broadly
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match the specified PSD requirements and offered convenience of a single ma­
terial supplier. The PSD ranges for the second group of material candidates are 
shown in Figure 4.8. The Stjernpy nepheline PSD ranges both fall within the 
specification for ES-1. Several variants were available, with a range of PSD and 
modal particle sizes. Stjernpy 7 was ultimately selected due to the PSD bias 
toward the required modal particle size of 10 /um. The Sibelco Leighton Buzzard 
DA 30 was found to be an ideal source material suitable for ES-3, having a better 
fit to the modal PSD than SSC-1.
Identification of a candidate material for ES-2 was more challenging. It is 
interesting to note that SSC-2 does fit the PSD requirement for ES-2, however, 
as the source material for SSC-2 is Carnet and therefore has a notably higher 
specific gravity, it was dismissed. This left Redhill 110 with the best PSD fit 
available to the ES-2 specification. The Redhill 110 specification sheet PSD data 
indicated approximately 40 percent by weight would be within the specification. 
As such, in this case the issue of off-set PSD would be solved through further 
processing of the off the shelf material to match it to the ES-2 specification. The 
specification sheet data for the respective materials selected for each of the new 
simulants are shown in Table 4.7.
4.3.2 P ost-processing m ethods
Two different post-processing methods were used in an attempt to remove the 
oversize material from the Redhill 110: industrial scale sieving, and milling. In 
the sieving process, large wire mesh sieves are fed with the desired material and 
vibrated to agitate the particles down the length of the sieve. As the material 
passes over the sieve, particles either fitting or below the mesh grade are removed 
and collected, leaving the excess to accumulate at the end of the process. This 
method is moderately fast, but requires extensive set up of the machinery, which 
may add several days to the overall processing time. With respect to this point, 
it is normal for bulk quantities to be measured in tens of tonnes to improve the 
overall efficiency of a processing run.
The alternative approach made use of a milling process to reduce the larger 
particles to sizes within the required specification, rather than removing them 
outright. Material is ground between two plates for a time proportional to the 
average needed in breaking down the portion of larger particles. An air classi-
Table 4.7: Proposed ExoMars soil simulant source material properties (from spe­
cification sheet data)
Simulant Maximum 
size (/im)
Minimum 
size (/im)
Material Shape
Stjern0y
ES-1 30 <3 Nepheline 
Syenite S7
Angular
ES-2 125 60 Redhill 110 silica sand 
Leighton
Sub-rounded
ES-3 800 300 Buzzard DA30 
silica sand
Rounded
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Figure 4.7: Candidate materials initially proposed for simulant use. Vertical 
dashed lines indicate the modal target particle size and/or range requirements. 
Horizontal lines indicate minimum and maximum particle sizes. Legend: + ; SSC- 
1; o: SSC-2; *; Garside No. 21; x ; Garside No. 80; □ ; Leighton Buzzard DA 
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Figure 4.8: Second stage candidate materials proposed for simulant use. Legend: 
+ ; SSG-1; o; SSG-2; □; Leighton Buzzard DA 30; (): Stjern0y 4', A.- Stjern0y 
7; V-’ Redhill 110
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fication system is then used to remove any excess of fines produced during this 
method. The processing quantities and equipment reset times were similar to 
those of the sieving method. In both cases a relatively small sample quantity of 
2 to 3 tonnes of Redhill 110 was provided to two separate processing companies. 
The supplies were used as test samples to assess the effectiveness of the machinery 
in achieving an output close to the ES-2 specification. The quantity was determ­
ined by the requirement of 1 tonne of ES-2 to complete the mechanical testing 
from the expected best case yield (using the sieving process) of 40 percent.
Despite promising initial results in tests of small samples of under 100 g of 
Redhill 110 by hand sieving, the bulk sieving equipment struggled to obtain 
output yields of over 10 percent. Further investigation of the problem indicated 
the vibration method used did not prevent the sieves from becoming excessively 
clogged, or pegged, by larger particles. To verify the problem a larger sample 
of approximately 1 kg of Redhill 110 was mechanically sieved using on Endecott 
sieve shaker, shown in Figure 4.9. Sieves of BS standard mesh sizes of 0.600, 
0.425, 0.300, 0.150 and 0.063 mm were used to sieve the same sample three 
times. To demonstrate and mitigate the pegging problem each sieve was left 
untouched between runs, except for the 0.150 mm sample fraction which was 
reintroduced to the top sieve at the start of the second and third runs. Figure 
4.10a shows the specification sheet PSD data for Redhill 110 and the PSD plots 
for each sequential run of the mechanically sieved sample. The staggered form of 
the PSD of each subsequent run confirmed the pegging issue, as identified by the 
processing company.
It was suggested the cause for the unexpectedly high levels of pegging was due 
to the original target size of the particles. In the case of Redhill 110 it is likely this 
was close to or at the 125 //m upper limit set in the ES-2 specification. The process 
used to produce sands such as Redhill 110 aims for a target modal particle size, 
however, the action of crushing and milling larger gravel and rock pieces produces 
a wide range of particle sizes. This outcome motivated the investigation of milling 
as an alternative processing method.
Further milling of the material destroys the larger particles through a crushing 
process. Two tonnes of Redhill 110 were subjected to the milling process and the 
resulting material was found to be free from oversize particles, with an estimated 
yield of approximately 50 percent. However, on examination of the milled Redhill 
110 approximately 75 percent fell outside of the lower particle size boundary. 
This was a worse case than the unprocessed form of Redhill 110 and suggested 
the particle strength to be much lower than that of similar materials. A PSD 
plot is shown in Figure 4.10b. Even after air classification to remove the fines, 
the remaining material would retain a high bias in PSD toward the much finer 
material. The overall yield from the entire process would, therefore, still fall 
below the quantity required for mechanical parameter testing. Furthermore, the 
process of milling tends to produce highly angular particles, where aeolian sands 
are typically rounded in shape, as required in the simulant specification.
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Figure 4.9: Endecott sieve shaker with sieve stack
4.3.3 Final sim ulant m aterials
The three simulants are commercial-off-the-shelf material, therefore requiring no 
initial manufacturing effort. The material selected and procured for the ES-1 
simulant was Sibelco dry nepheline powder Stjernpy 7. Due to the problematic 
post-processing of Redhill 110 for use as ES-2, the material was not obtained in the 
large quantities needed to complete all mechanical testing. After an exhaustive 
search, off-the-shelf sands either fell outside of the PSD requirements or were 
based on non-quartz mineral sands; neither of which were desired properties. The 
additional processing of Sibelco Redhill 110 proved unsuccessful in the attempts 
at manufacturing a suitable simulant in large quantities. In total, approximately 
25 kg was produced as part of the sieving process from of the original 3 tonnes. It 
is this material which is referred to in all further references to ES-2. The Sibelco 
Leighton Buzzard DA 30 sand was selected for use as ES-3.
4.4 Physical characterisation
The microscopic properties of size, shape, specific gravity and moisture content 
at the particulate level all contribute to the macroscopic behaviour when in bulk 
quantities. The three new simulants are characterised in terms of these physical 
parameters to determine the properties with respect to those identified in the 
simulant specification.
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Figure 4.10: Redhill post-processing particle size distributions. Repeated sieving 
of the same sample indicates pegging of the mesh in Figure 4.10a. The milling 
process produced too low a yield with too great a bias toward fines
4.4.1 Specific gravity
Specific gravity is measured using the procedure in ASTM D854 [154]. A soil 
sample of known mass is added to a known mass of water and the volumetric 
change recorded using a measuring cylinder. The results for each of the simu­
lants are shown in Table 4.8. The measurements for ES-2 and ES-3 are within one 
standard deviation of the lower boundary for quartz materials. ES-1 is slightly 
below the average expected specific gravity. After confirming with the supplier, 
this is due to the syenite mix used by Sibelco, a combination of 33 percent neph­
eline and 67 percent sodium and potassium feldspars.
4.4 .2  Shape
An ideal simulant would match both the PSD and shape parameters identified 
in the specification. After considering the candidate materials, however, this 
laid too tight a constraint on the available materials to fulfil both parameters. 
For example, the crushing and milling used to obtain the targeted PSD for ES- 
2 would be expected to generate angular to sub-angular particle shapes where 
sub-rounded particles were preferred. As such, particle shape was considered 
secondary to an appropriate PSD in the selection of the materials used for each 
simulant.
ES-2 and ES-3 were observed under a microscope at 4x magnification and 
images captured with a Motic Moticam 2000 digital camera. ES-1 was observed 
using SEM at much higher magnifications. The photographs are shown alongside 
macroscopic scale “bulk” samples in Figure 4.11. The ES-1 samples are seen to 
comprise of highly angular particles. The higher magnifications shown in Figure 
4.11b indicate particle sizes down to extremely small diameters of under 1 //m.
___________ 4.5. VERIFICATION OF THE PHYSICAL PROPERTIES
The ES-2 sample shows particles angular to sub-angular in nature, with more 
notable angularity in the smaller particles. This lends further evidence to the 
nature of the milling process used to produce the base Redhill 110 specification, 
creating particles more angular than the preferred subrounded shape. Milling 
also tends to result in the smaller particles having greater relative angularity, as 
they are less heavily manipulated than those particles closer to the target size. 
This observation supports the suggestion that the source material was cut at a 
target size slightly above the 125 /im targeted for this simulant. Finally, ES-3 
shows rounded to sub-rounded particles, with light pitting and very little volume 
of particles outside of the D20-D80 range. This nature can also be observed in 
the bulk sample which produced very little dust when manipulated.
4.4.3 M oisture
The moisture content of loose sand can affect the mechanical parameters by in­
creasing the inter-particle bonding by pressure gradients and electro-static forces. 
All granular materials used in standard atmospheric conditions will have some 
latent moisture present, both from that suspended naturally in the air and that 
bonded to the particulate surfaces. The examination of the materials was carried 
out in “dry conditions”. Humidity was measured daily and controlled by means 
of a dehumidifier when necessary. The ambient humidity levels were recorded at 
levels no lower than 25 percent and no greater than 40 percent.
To minimise the effects of changes in ambient humidity the simulants were 
stored in air-tight transportation drums. The moisture content of each simulant 
was determined using the ASTM D2216-05 standard [155]. Each of the three 
materials were tested shortly after delivery, after allowing time to acclimate to 
the laboratory conditions. Further moisture measurements were completed with 
samples taken at the same time as the material tests. Multiple samples were 
collected, weighed, and dried in an oven for 48 hours at 110 °C. The difference 
in mass was recorded to determine the moisture content as a percentage of dry 
mass. The results are shown in Table 4.10.
All simulants show loose, flowing, cohesionless properties in general. The 
moisture content tests indicated moisture contents of under 1 percent in all three 
simulants. For the purposes of martian regolith simulants this is considered dry 
enough to provide an appropriate analogue to the natural state of the materials.
4.5 Verification o f the physical properties
4.5.1 Particle size d istribution
The PSD for each simulant was verified in the University of Surrey Geotechnical 
Engineering laboratory using samples of the final material. As the size range of 
ES-1 differs significantly from ES-2 and ES-3, two PSD measurement methods 
were utilised:
M ethod  1: For the higher graded simulants, ES-2 and ES-3, the ASTM D422- 
63(2002) standard was followed. As this standard is designed for particles of
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Table 4.8: Specific gravity measurements for each simulant
Simulant Measured* (g/cm^) Expected (g/cm^)
ES-1
ES-2
ES-3
2.32 (0.45) 
2.56 (0.65) 
2.60 (0.45)
2.55 -  2.65 (Nepheline) 
2.60 -  2.70 (Quartz)
* Standard deviation in brackets
Table 4.9: Simulant particle shape analysis.
Simulant Shape (observed) Shape (specification)
ES-1 Angular -
ES-2 Angular to subangular Subrounded
ES-3 Subrounded to rounded Angular to subangular
5ctT>__________ '
(a) ES-1 5k X magnification (b) ES-1 20k x magnification (c) ES-1 bulk sample
100 urn 5 cm
(d) ES-2 4x magnification (e) ES-2 4x magnification (f) ES-2 bulk sample
100  pm 100  pm
(g) ES-3 4x magnification (h) ES-3 4x magnification
5 cm
(i) ES-3 bulk sample
Figure 4.11: Microscopic and macroscopic images of ES-1, ES-2 and ES-3
1 0 0
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Table 4.10: Average moisture content of each simulant
Simulant Average moisture by weight (%)
ES-1 0.35 (0.03)
ES-2 0.20 (0.03)
ES-3 0.34 (0.05)
* Standard deviation in brackets
size greater than 75 /im, a minor modification to the standard is made by the 
addition of smaller mesh sieves to determine the finer particle quantities of ES-2. 
The Endecott sieve shaker was used with sieve mesh sizes of 0.063, 0.150, 0.300, 
0.425 and 0.600 mm, and 0.150, 0.300, 0.425, 0.600, 0.850 and 1.180 mm, for ES-2 
and ES-3, respectively.
M ethod  2: For the very fine simulant material used for ES-1, the ASTM stand­
ards do not apply. Therefore, an alternative method was employed using a Coulter 
Counter to determine the particle size distribution to sub-micron precision. The 
fine particulate material is allowed to fiow through a fluid and past an electric 
field. The magnitude of the interaction of the particles with the electric field is 
used to determine the size and quantity of the particles as they pass. Samples of 
ES-1 were sent to the University of Surrey technician responsible for operating 
this apparatus for PSD measurement.
The PSD of each simulant was measured using the above methods to verify the 
data provided in the specification sheet. The PSD plots for all three new simulants 
are shown in Figure 4.12. The numeric values (including those for SSC-1 and 
SSC-2) are shown in Appendix B.l. The experimental dispersion obtained for 
each of the selected and studied simulants is quite low, demonstrated by the low 
magnitude of the standard deviation, illustrated by the error bars in Figure 4.12. 
The maximum standard deviation obtained was 1.5 percent of passing weight for 
ES-2 and 1.2 percent for ES-3 (no standard deviation data were available for the 
ES-1 measurements).
4.5.2 Com parison w ith  regolith  requirem ents
The PSD measurements showed the following properties:
ES-1: The requirements for ES-1 stated that the upper range of the PSD be
no greater than approximately 32 /xm and that the sample should also contain 
particles that are smaller than 10 /xm. The PSD is biased somewhat toward 
particle sizes of under 10/xm, smaller than the technical specifications suggested 
but suitable for use as the engineering simulant.
ES-2: A sample of unmodified Redhill 110 was acquired for PSD testing to 
confirm the range specified in the data sheet, as discussed in Section 4.3.2. The 
PSD plots shown in Figure 4.10 are based on sieving tests run in the laboratory 
on Redhill 110 and the grading data provided by the milling company after the 
alternative method was attempted. The data shows that the sieving process was
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Figure 4.12: Particle size distributions for ES-1, ES-2 and ES-3 obtained experi­
mentally. +: ES-1; *: ES-2; x: ES-3
the most effective at removing the upper portion of grades and it is this result 
which is shown in Figure 4.12. The yield from this process, however, was severely 
limited by the sieve pegging issues.
ES-3: There were no difficulties in procuring this material. Like ES-1, the
Leighton Buzzard DA 30 reflected the ideal case scenario: a silica based sand 
available directly off-the-shelf with no additional processing required. As such, it 
was accepted as the material for simulant ES-3 after confirming the PSD using 
small sample and the ASTM standard test method.
Figure 4.13 combines the measured simulant PSD data with the specification 
sheet parameters shown in Figure 4.8. The data provided for Leighton Buzzard 
DA 30 closely matches the specification and the D20-D80 values fall directly 
between the ES-3 size range and modal diameter requirements. The similar, less 
coarse Redhill 110, as discussed above, presented difficulties in sieving to the ES- 
2 specification. However, despite the low yield from the sieving process, when 
compared to the Redhill 110 PSD the resulting ES-2 material PSD has clearly 
moved within the desired particle size range, with a slight bias toward the larger 
particles. The nepheline powder appears to differ significantly in its PSD when 
compared to the published data. The specification suggests 75 percent by weight 
at the modal particle size of 10 //m, whereas the measured value sits somewhat 
lower. Many different methods exist to measure the particle size distribution and 
in general these data are inferred from indirect measurements (such as the Coulter 
Counter). The results, therefore, are only as good as the correlation relationship 
used in specifying the PSD.
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Figure 4.13: Comparison of ES-1, ES-2 and ES-3 measured PSD with manufac­
turer specification. +: ES-1; *: ES-2; x: ES-3; 0 Stjernpy Nepheline Syenite No. 
7; □: Redhill 110 (sieved); o Leighton Buzzard DA 30
4.6 Conclusions
Analysis of regolith data returned by lunar and martian missions allows the phys­
ical and mechanical properties of these materials to be determined or estimated. 
Lunar soil is shown to be very fine and angular, and ubiquitous in inter-crater 
regions across the lunar maria. Martian regoliths are more varied in their phys­
ical properties and can be categorised into three general types: drift, aeolian 
and coarse. The distribution of each type is largely dependent upon atmospheric 
processes, however, the most prevalent is fine, aeolian sand.
Historically, simulants are shown to have been widely sourced from basaltic 
deposits, commonly found in volcanic lava planes and compacted ash deposits. 
Such materials are physically and mechanically similar to lunar regolith and have 
been validated against the wealth of lunar regolith data provided by samples 
returned to Earth. Martian simulants were initially based on and evolved from 
lunar simulants, improving as further data was collected by martian exploration 
missions. The advent of autonomous rover exploration and its extensive use on 
Mars has instigated the development of simulants based on chemical, mechanical, 
physical and magnetic properties. More recently, simulants designed to mimic 
specific physical characteristics of the martian regolith on the microscopic level 
have been developed.
Three such simulants have been developed tailored to the requirements of the 
ExoMars rover testbed, based on the three identified regolith categories. Off- 
the-shelf materials matching the physical characteristics identified within each 
category were identified based primarily on PSD. Two materials, used as simu­
lants ES-1 and ES-3, were selected from unmodified materials. PSD and grading 
was shown to match the desired specifications and shape also similar to that re-
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quired. Post-processing methods used to refine PSD of the material selected for 
ES-2 produced very low yields. The simulant selection and validation process 
provided approximately 2000 kg of ES-1 and ES-3 and 25 kg of ES-2.
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Chapter 5 
M ethodology for the  
characterisation of simulant 
samples
As suggested in Chapter 4, trafficability characterisation of regoliths must con­
sider both the microscopic and macroscopic properties of the terrain. On the 
microscopic scale it has now been shown that, for martian regoliths, several clas­
sifications can be determined. Three such regolith types have now been selected 
and analysed based on these parameters. Given this knowledge, the subsequent 
stage is now to determine the macroscopic parameters. This is not as trivial as 
typically assumed as, when considering the failure behaviours of granular ma­
terial, considerable thought is required in the replication of the vehicle-terrain 
interaction parameters. Therefore, experiments must be designed which produce 
loading similar to that of a small rover or microrover. Moreover, it must also 
consider the methods used in the preparation of the simulant samples and the 
parameters which may affect terrain trafficability.
This chapter will present new experimental methodologies developed to provide 
terrain trafficability characterisation parameters for regolith-like materials. The 
objective of these experiments will be to provide soil strength data refiecting the 
behaviour of granular, frictional materials assuming a non-ideal deformation re­
sponse, as discussed in Chapter 3. The basic in-situ tests used to obtain such 
parameters in terramechanics, DST and Pressure Sinkage Testing (PST), are 
studied and laboratory analogues are proposed. Standardised execution proced­
ures exist for DST (e.g. ASTM D3080-04, BS 1377-7:1990 [88, 156]), but not for 
sample preparation at differing relative densities. PST has no such formal method 
associated with its execution or for sample preparation. Chapter 3 presented DST 
results using granular, frictional material prepared at different relative densities 
and demonstrated the change in mechanical response. This approach is expanded 
upon for the DST of the new simulants. For PST, it is proposed that much larger 
samples are required. Therefore, a calibrated procedure for the preparation and 
relative density classification of the simulants in both experimental methods is 
presented and analysed.
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5.1 M easuring terrain trafHcability
During the development of a rover platform, performance analyses on terrain ana­
logues provide valuable empirical data with which rover mobility system design 
can be refined and optimised. Once operational on a planetary terrain, pre-flight 
characterisation of mobility performance allows for trafficability and mobility es­
timates to be made prior to attempting a traversal in the field. Indeed, during the 
attempts to free Spirit from its sand trap, the Instrumented Deployment Device 
(IDD) was used as a makeshift pressure plate to perform pressure-sinkage tests 
on the surrounding terrain. The resulting parameters were used in the laboratory 
to validate the terrain analogue used in the MER Mars Yard at JPL [48].
5.1.1 Trafficability characterisation in the field
To characterise the trafficability of a terrain, the combination of Direct Shear 
Testing (DST) and Pressure Sinkage Testing (PST) was proposed by Bekker in 
the form of an instrument referred to as the Bevameter (as shown by Wong 
and Ojeda [119, 157]). The basic mechanical arrangement of this instrument is 
shown in Figure 5.1. When connected to a force/torque sensor it provides the 
means to perform both pressure-sinkage testing, through normal loading, and 
shear testing, through rotation. The circular form allows continuous soil shear to 
reach the residual strength of the terrain and is sized in diameter to reflect the 
contact area of the vehicle wheel contact patch. Grousers may also be included 
to simulate lugs or tread on a tyre or wheel.
The United States Army Waterways Experiment Station (WES) developed 
a similar, empirical method for trafficability classification based on cone penet- 
rometry. The Vehicle Cone Index (VCI) is used to classify terrain trafficability 
based on the response to quasi-static penetration by a manual operator. The VCI 
relates the respective strength and stiffness parameters to the estimated tractive 
performance of a given vehicle in a standardised look-up table. Weight, size, and 
engine and transmission parameters are used to determine the respective VCI to 
provide a simple “go/no-go” for traversal [158, 159, 160].
Support shaft
Normal loading 
plate/shear disc
y Grousers/lugs
Figure 5.1; Typical mechanical arrangement of a Bevameter, showing side (I) and 
base (r) projections
106
5.1. MEASURING TERRAIN TRAFFICABILITY
The penetrometer used in the VCI is also referred to as a Static Cone Pen­
etrometer (SCP). This principle is based on the use of a slow penetration rate 
to determine the quasi-static penetration force. However, as this requires high 
overhead loads, an alternative “dynamic” method uses an integrated, actuated 
hammer to drives the cone of a Dynamic Cone Penetrometer (DCP) into the 
terrain. This reduces overhead load requirement but necessitates a more com­
plicated mechanism. Furthermore, in the case of both methods, direct measure­
ment of terrain strength and response measurements in terms of fundamental soil 
properties is not possible.
Of these methods, all give useful data to describe trafficability in the imme­
diate surroundings. Interpretation of this data, however, is dependent upon the 
empirical correlations of vehicle and terrain interaction. While this is also true 
of the pressure-sinkage test using a Bevameter, fundamental soil strength para­
meters can also be determined from shear stress data. For terrestrial vehicles 
the Bevameter allows trafficability tests to be performed by a vehicle in the field, 
however, for planetary terrains in-situ tests are not possible.
5.1.2 Trafficability characterisation in the laboratory
Without direct access to a terrain the mechanical characterisation of analogues is 
an important part of understanding the trafficability of planetary regolith. The 
use of a Bevameter is convenient in the field, however, laboratory equipment can 
be used in its place to obtain terrain parameters. Numerous test methods are 
available to determine the shear strength parameters of a soil sample, however, 
the direct shear test was selected for the following experiments for the following 
reasons.
Direct shear testing was introduced in Chapter 2 and is a standardised geo- 
technical procedure for measuring material cohesion and angle of internal fric­
tion. DST also offers the option to test dry samples, reduces the complexity of 
the preparation methods necessary to control relative density and most closely 
replicates the deformation of soil at the vehicle-terrain interface. Such factors 
are desirable in accurately mimicking natural terrain. Other martian regolith 
simulants [33, 81, 145], lunar regolith simulants [161] and lunar regolith from the 
Apollo missions [152, 162] have also been subject to DST.
Alternative shear stress and strength measurement methods commonly used 
in the study of frictional materials include the ring shear and triaxial tests, with 
each method offering its own unique set of benefits and drawbacks. For example, 
the ring shear test would provide similar flexibility in sample preparation as the 
DST. However, the extended deformation distance offered by this method is far 
greater than the magnitude of the shear deformation of a wheel under even high 
slip conditions. The triaxial test allows the comprehensive measurement of the 
major and minor principal stresses at fixed intermediate principal stresses, which 
is not possible using either the DST or ring shear test. However, preparation of 
triaxial test samples of consistent relative density is much harder.
When considering the relative benefits of the three shear test methods it is 
clear that the DST offers the same flexibility of sample preparation as the ring 
shear and a soil deformation mechanism closer to that of the vehicle-terrain inter­
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face than a triaxial test. Furthermore, popular use of of the DST in the literature 
provides a deep set of comparable measurements taken by other researchers in 
this field.
The interpretation of pressure-sinkage testing data was discussed in Chapter 
3. The methodology is essentially a simple unconfined compression test, used to 
determine empirical terramechanics pressure-sinkage coefiicients. PST on lunar 
regolith simulants are reported in [163], however, as with other examples of the 
use of PST in regolith simulants, no discussion is provided regarding the effects 
of density on strength. Pressure-sinkage tests using regolith simulants are also 
described in [27], however, only a particularly small bucket is used as a sample 
container. As a result, the soil response data show evidence of consolidation 
instead of the more typical compression response, as shown in Figure 3.23a. This 
suggests the boundaries of the small container used in these tests have limited the 
soil displacement as plate sinkage increases. Both examples indicate an improved 
methodology for both the laboratory testing and sample preparation of regolith 
simulants is required in the characterisation of such materials.
5.2 Experim ental m ethods to determ ine traffic­
ability parameters
The following experimental methods have been developed to determine the co­
hesion, angle of internal friction, the sinkage coefficients of cohesion and friction 
and the sinkage exponent. The (DST) and (PST) methods are used to determine 
these properties of the regolith simulants. The experimental parameters used in 
these methods have been selected specifically to replicate those of a vehicle in­
teracting with the terrain. This Section describes this apparatus set up and the 
configuration and test methodology used to determine the parameters from a soil 
sample.
5.2.1 D irect Shear T esting
DST samples are typically small in size, having a mass of between 100 g and 
200 g. Each sample is prepared in a steel shear box, shown in Figure 5.2, split 
horizontally at the midpoint allowing the upper and lower halves to slide over 
one another. A top cap, which can move freely in the vertical direction, is placed 
on the top of the sample to distribute the normal load. The mechanism of the 
deformation is illustrated in Figure 5.3. A normal load, 7^, is applied to the top 
cap and the upper half of the shear box is fixed rigidly to the apparatus. The 
lower half is driven along the horizontal axis and the reaction force on the upper 
half, Ep, is recorded throughout the duration of the displacement. The limit of 
displacement, which is the maximum distance of Aa;, is defined by the shear box 
wall thickness, typically in the region of 1 cm. Vertical displacement of the top 
cap, the distance Ay, is also recorded.
The use of the DST allows the direction of the failure plane to be controlled 
and maintained in the direction of shear. The magnitude of the volume en­
compassed by the shear plane is dependent upon the initial density. In dense
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w
Figure 5.2: DST shear box (top cap not shown)
Shear box
I Top cap
1 f r - - - - - - Ay
Fr
Shear plane Soil sample
Figure 5.3: Schematic of the shear response in granular soil during mechanical 
strength testing by direct shear
samples, a thin shear zone will develop as the surrounding particles are displaced 
by dilation, producing the positive change in Ay  as the sample volume increases. 
Conversely, in loose samples the displacement of the shear box destroys the inter­
particle structures. The shear zone develops simultaneously and typically con­
sumes a larger volume than that of an equivalent dense sample. However the 
shear zone is constrained to a lesser extent and a reduction in total volume is 
seen overall, resulting in a negative Ay.
Each experiment was completed in the University of Surrey Ceotechnical En­
gineering laboratory and followed the ASTM D3080-04 standard procedure with 
a minor modification; porous inserts were not used as all simulants are dry [88]. 
Figure 5.4 shows the ELE Direct Shear apparatus used for the DST experiments. 
The direct shear box has internal dimensions of 60mm x 60mm x 30mm, and 
was filled to approximately 25 mm with simulant. To perform a direct shear 
test, a sample is prepared in the shear box and placed in the apparatus. Be­
fore adding normal load the pins securing the upper and lower sections of the
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(a) Shear box in place under normal load (b) DST apparatus meas­
uring displacement and 
stress
Figure 5.4; DST apparatus
shear box are removed and two threaded stand-offs are used to raise the upper 
section approximately 0.5 mm from the lower section, mitigating any additional 
friction between the contact area of the two shear box sections. A hanger allows 
load to be applied to the top cap with masses hung below the apparatus. Shear 
strength is measured using a load cell, consisting of a proving ring and CDS Ltd. 
digital linear displacement transducer (digital transducer). Horizontal and ver­
tical displacements are measured using digital transducers mounted to the DST 
apparatus.
As the target use for the simulants ES-1, ES-2 and ES-3 is traction testing 
for the ExoMars rover breadboard, normal loads for the DST of each of the 
three simulants were selected considering the ExoMars wheel design, shown in 
Figure 5.5, and the breadboard mass. It was assumed the target rover mass is 
approximately 200 kg, producing an average mass of 33.3 kg distributed across 6 
wheels. Due to the ability of the EsoMars rover to “wheel walk”, a maximum of 
three wheels can be lifted at any time, increasing the maximum ground load to 
66.6 kg per wheel. Static load tests using the ExoMars breadboards have shown 
an average contact patch 11 cm in length for the prototype wheel, which also has 
a width of 11 cm. This corresponds to a pressure distribution in martian gravity 
(3.69 m/s^) of 10.2 kPa for 6-wheel loading or 20.3 kPa for 3-wheel loading. Using 
the 60 X 60 mm direct shear box, the required normal loads range from 3.7 kg to 
7.4 kg to simulate wheel-terrain loading under the conditions of martian gravity. 
Normal loads of 2 kg, 5 kg and 8 kg and a specialised light weight hanger and 
top cap, shown in Figure 5.6, were selected to provide a regular distribution of 
normal stress across the required range. The resulting normal stresses are 8.7 
kPa, 17.1 kPa and 25.5 kPa, also referred to as “low”, “medium” and “high” 
pressure, respectively.
Displacement of the shear box is controlled by a drive motor at rates with 
micron per minute precision. For the experiments performed for this thesis, each 
sample was sheared at the maximum rate permissible by the DST apparatus:
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Figure 5.5; A prototype ExoMars flexible wheel
r
(a) Standard (left) and light- (b) Standard (left) and light-weight (right) top caps 
weight (right) hangers
Figure 5.6: Light-weight DST apparatus
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2 mm/minute. Transducer displacements are recorded at regular intervals and 
translated to force values using a ring calibration coefficient. DST were carried 
out under the stated conditions on simulants ES-1, ES-2 and ES-3, with the digital 
transducer providing a measurement range of 12mm and precision of 0.001mm. 
The digital transducer values are automatically recorded with a computer and 
CDS Data Acquisition (DAQ) USB device. The transducer readings are recorded 
with the GDSLab software package at a frequency of approximately 0.5 Hz.
After the completion of each test the apparatus was reset and the shear box 
emptied and cleaned. As some degradation of the simulant material can occur 
at the particulate scale during the testing process, recombination of the sample 
into a much greater quantity mitigated bias in particle size distribution induced 
by this process.
5.2.2 Pressure-sinkage Testing
As no standardised procedure for PST exists, such experiments are normally 
designed to replicate the specific contact and surface pressure characteristics of 
a given vehicle mobility system. In terrestrial applications, where a Bevameter 
test can be carried out, the instrument contact plate is selected in a size which 
closely replicates the contact patch area of the vehicle wheel or track. In the cases 
considered here, where in-situ testing is not possible, the configuration shown in 
Figure 5.7 was developed for PST of regolith simulants. Using a hydraulic ram, a 
controlled load is applied to a circular plate in contact with a soil sample prepared 
in the laboratory. A force sensor is used to measure normal load.
To minimise boundary effects on the loading response, sample sizes must be 
significantly larger than those used in DST, typically between 300 kg and 500 kg. 
As such, the container used for PST samples must be of a much larger scale than 
that used for direct shear tests. To ensure the simulant samples are of a depth 
suitable to mitigate or minimise such boundary effects from the test container, 
it is necessary to consider the elastic response of the simulant as it is loaded. 
The pressure distributed vertically through a soil from a pressure plate shrinks as
Hydraulic ram 
Ram support frame
Shaft, force sensor 
and load plate
Soil sample fill level 
Sample container
xWWWWWWWW
Figure 5.7: Schematic of the pressure-sinkage test apparatus
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depth increases [164]. The magnitude of the pressure at a given depth is defined 
with the following expression,
oy
V
1 - (5.1)
This states that the apparent pressure, <j^ ,, is the normal stress at depth z 
from an applied normal pressure, p, using a plate of radius r, as illustrated in 
Figure 5.8a. The drop-off in pressure as depth increases predicted by this model 
is shown in Figure 5.8b. It is estimated that 8 percent of the applied pressure will 
be retained at a soil depth twice that of the width of the plate, and 4 percent at 
a depth of three times the width. The largest plate dimension to be used in these 
experiments is 125 mm (discussed in further detail below), assuming a maximum 
ram stroke length of 200 mm, 4 percent of the applied pressure would be expected 
57 cm below the simulant surface. The pressure at this depth is low enough to 
have negligible effect on the soil response. Therefore, a sample depth of at least 
60 cm is sufficient for use in PST.
Tests were performed using all available simulants, both the two SSC materials 
and the Engineering Soil Simulants with the exception of ES-2, due to the low 
yield during processing. SSC-1, SSC-2 and ES-3 were prepared in 205 L steel 
drums with a height of 89 cm and diameter of 59 cm. The cohesive nature of ES- 
1 was not compatible with the preparation method used with the other simulants 
and, therefore, required a smaller 64 L hard plastic bin, 53 cm high and 43 cm 
in diameter. ES-1 samples were prepared to the full depth of this container, 
adjusted for the 7 cm shortfall by using no more than 13 cm of the total ram 
stroke length. Both containers are shown in Figure 5.9.
Both drum side walls are flat and smooth, therefore minimising any soil fric­
tional forces on the walls. The drum diameter is 59 cm and bin diameter 43 cm, 
giving a ratio of approximately 4.7 and 3.6 times the width of the largest plate, 
respectively. This was informed by other, similar testbeds seen in the literature 
(e.g. [66]), therefore the influences of the side wall were expected to be minimaP.
The apparatus has been developed specifically to allow PST of granular ma­
terials, at varying densities, for terrain loading simulations of planetary rovers 
up to the size and mass of the ExoMars rover. The aim of PST is to replicate 
the contact and surface pressure characteristics of a vehicle mobility system on 
the target terrain. The 20 cm stroke length of the hydraulic ram is enough to 
penetrate to soil depths equal to and greater than half an ExoMars wheel dia­
meter. Circular plates were selected to minimise boundary effects in the circular 
drums used to contain test samples. As PST requires two identical samples to 
be tested with pressure plates of two different diameter, plates of 5 cm and 12.5 
cm in diameter, similar in contact area to that which ExoMars is expected to 
produce, were selected. These are attached to the ram via a proving ring load 
cell, shown in Figure 5.10a.
After preparing a simulant sample, the ram support structure is bolted directly 
to the vibration platform, providing a rigid cell in which the sample container is
^This was seen to hold in the majority of the PST results, however, some evidence for 
boundary effects were seen when testing ES-3. This is discussed further in Section 6.4.4.
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(a) Normal stress at a point beneath a uni­
form load
1 2 3
Plate diameters
(b) Stress drop-off with depth
Figure 5.8: Stress distribution beneath a normal load
situated. The ram is extended to a position where the plate makes contact with 
the sample surface, determined by slow displacement until a slight disturbance 
is seen on the transducer read out. Data acquisition is started and the plate is 
pressed into the sample by manual pumping of the ram. Each pump provided a 
few millimetres of sinkage at a rate of approximately 2 cm per minute. To allow 
settlement of the material after each adjustment of the displacement, a period of 
5 seconds is held between subsequent pump actions. Peak values are filtered out 
during the data processing stage and a final pressure value is taken immediately 
before each subsequent pump movement.
Pressure readings were taken using a proving ring with centre-mounted ana­
logue linear displacement transducer (analogue transducer) for ES-3 and digit­
ally recorded for ES-1, SSC-1 and SSC-2. Insufficient quantities of ES-2 were 
produced to allow PST of this simulant. Sinkage was measured using a Qualisys 
motion capture system, tracking a single marker mounted on the ram shaft. The 
system is comprised of five high-speed, infrared cameras situated around the test 
apparatus, providing 3-D position data to submillimetric precision. The load cell, 
pressure plates and full experimental apparatus set, including sample container, 
ram, load cell and motion capture cameras, are shown in Figure 5.10b. Together, 
these data provide the pressure-sinkage results required for the analysis of the 
loading response of each simulant.
5.3 Preparation m ethods for granular soil samples
Having discussed the replication of the vehicle-terrain interaction parameters from 
the perspective of the vehicle, it is now necessary to consider the in-situ nature 
of the terrain. Replication of such conditions in the laboratory is challenging and 
careful consideration of how the regolith simulants are prepared before testing 
is required. Despite the formal definitions of parameters such as relative dens-
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(a) 205 L drum (b) 64 L bin
Figure 5.9: Pressure-sinkage test containers
(a) Load cell proving ring, digital trans- (b) Pressure-sinkage test equipment 
ducer and plates
Figure 5.10: PST apparatus
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ity, the nature of granular, frictional soil makes specification of the preparation 
methods used to obtain samples for the purpose of laboratory testing a difficult 
but crucial task. Indeed, preparation techniques that are supposedly identical 
between laboratory establishments are known to produce variation in sample re­
lative density [91]. The nature of soil testing precludes the ability to mandate 
sample properties in terms of their relative density prior to testing. It is im­
portant, therefore, to establish and present detailed preparation specifications to 
accompany any mechanical test results.
Three methods were considered to define the procedures which would allow the 
preparation of simulant samples at specific relative densities; pluvation, pouring 
and vibration. These methods were studied as they allow the preparation of 
multiple samples at discrete, repeatable relative densities. Three were used in the 
following experiments, referred to as “low” relative density, “medium” relative 
density and “high” relative density.
5.3.1 P luvation
Pluvation, or “raining”, of granular, frictional soil is the process of creating a 
constant fiow of material from a storage container into a sample container. This 
method was used in the sample preparations of SSC-1 and SSC-2 discussed in 
Chapter 2. Preparation of soil samples by pluvation offers several desirable prop­
erties. Precise control of flow rate, or intensity, is achievable by regulation of 
the storage container aperture and the apparatus can be scaled to accommodate 
both smaller and larger samples. Large scale apparatus, for the preparation of 
samples of the same order of mass as those required for PST by pluvation, have 
been developed in the past for mechanical testing of retaining walls [165] and 
specifically for the preparation of regolith simulant samples, as shown in Figure 
5.11 [83].
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(a) Pluvation device hopper mounted on (b) Soil “curtain” produced by slit in hopper base 
translational rails
Figure 5.11: Pluvation device and its operation at the University of Surrey [83]
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The principle of pluvation is to prepare a sample in a continuous, controlled 
flow of material rained in successive layers or sweeps back and forth over the 
sample surface to build a bulk of material to the desired depth. Where the swept 
approach is used, the apparatus is comprised of a hopper, of equal width to 
the test container, with a sealable, linear aperture at the base. On opening the 
aperture, a thin “curtain” of soil will begin to pour from the base of the hopper. 
The thickness of each layer is controlled by the speed of each sweep over the 
sample surface, where slower traversal of the raining apparatus provides thicker 
layers. The intensity of flow is controlled by adjustment of the aperture width. 
Precise control of the soil curtain traversal speed, intensity and height provides 
accurate control of the material structure and relative density throughout the 
sample as a whole. However, it has been observed that the layering mechanism 
used to deposit the material results in an inhomogeneous distribution of particles 
within the structure of the bulk sample. The result is a gradation in density 
throughout each layer [83].
A similar, small scale pluvation device, developed for the preparation of the 
direct shear test samples of SSC-1 and SSC-2 was also observed to introduce dis­
tinct structure within the soil sample. The swept pluvation method was studied 
in samples of SSC-1 on a smaller scale using glass cylinder containers [82]. The 
segregation of the particles is shown in Figure 5.12. Examination of the resulting 
soil structure indicated the effect was sensitive to the particle size range within 
the material and was less apparent in SSC-2, due to the small particle size and 
narrow size distribution. The PSD of SSC-1 is broader as the material is a mix of 
coarse and fine material, resulting in a more extensive layering effect. Variations 
in hopper traversal rate and height were tried in an attempt to determine the 
effect on layer structure. Distinct layering was observed in all combinations of 
high and low speeds at high and low heights.
It is suggested that an aerodynamic mechanism is responsible for producing 
the segregation of particles of different sizes. As the mix of particle sizes fall from 
the hopper, the falling particles in the curtain produce turbulence in the airflow 
in and around the curtain. The resulting airflow interacts with the particles to 
varying magnitudes, proportional to their surface area and mass. The result is 
a greater interaction between the ambient atmosphere and the smaller particles, 
increasing the fall time and producing a layer of fine particles overlaying a layer of 
more coarse material. This makes minimisation of the separation effect difficult 
when using such a method to produce large scale samples.
5.3.2 Pouring
Pouring is a simple transferral of material from a hopper to the test container 
by a stationary aperture. As the soil leaves the hopper and moves into free 
fall, it will accelerate and induce turbulence in the air, in the same way as the 
pluvation method. Unlike pluvation, however, the continuous and more chaotic 
transferral of material between hopper and test container does not produce the 
same distinct gradation of densities in the bulk material. As such, it can be 
considered as a pluvation method where the entire surface area of a sample is 
continuously deposited, mitigating the effect of particle segregation.
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Coarser particle layers
Finer particle layers
1 cm
Finer particle layers
Coarser particle layers
(a) Slow hopper speed (b) Fast hopper speed
Figure 5.12; Pluvated samples of SSC-1 showing particle segregation in the layer 
structure (after Gouache and Brunskill et al. [82])
The minimum density by pouring is obtained by minimising the soil fall height. 
In practice, this is the level as close to the material surface as possible and is 
constrained by the hopper clearance when close to the apparatus. Typically, the 
hopper would be kept at the same height throughout the preparation, as close to 
the final fill height as possible. Maximum density is constrained by the terminal 
velocity of the soil in free fall. It has been reported that fall heights of over 50 
cm make no difference to the final sample density [166]. The relative density 
achieved using this procedure is, therefore, dependent only upon the pour height 
and the resulting velocity at which the material impacts the sample surface.
5.3.3 V ibration
The initial stage of preparation of a homogeneous sample by pluvation or pouring 
can be modified by the use of sample vibration. This secondary stage in preparing 
samples increases the relative density to a level proportional to the vibration time 
period. In both pluvated and poured samples to be tested at the resulting lower 
density, additional care is taken to ensure samples and the test containers are 
not disturbed. This includes during preparation or before the test procedure has 
taken place. The highest relative density is produced by the vibration of the test 
container throughout the entire duration of the transfer of soil from the hopper. 
Samples prepared in this manner are also less susceptible to disturbances during 
preparation or test. Medium relative densities can be obtained by shorter periods 
of vibration after being prepared by pouring or pluvation.
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5.4 Sample preparation m ethods
Prom the above preparation techniques, the methodology for the control of sample 
density was developed in two stages. Firstly, the initial preparation method 
was selected from the two options of pluvation or pouring to obtain low density 
samples. Secondly, vibration was used to increase the relative density of low 
density samples to medium and high densities. The preparation of DST samples 
of SSC-1 and SSC-2 used a small scale pluvation method. However, the thickness 
and repeated nature of the layers produced by pluvation was not desirable for DST 
or PST samples. Furthermore, the preparation of pluvated samples requires more 
complex apparatus and longer preparation times, particularly in larger samples. 
Therefore, the preparation of all test samples used pouring to develop an initial 
low density, which was increased in density by vibration where necessary.
The following section describes the laboratory facility developed for prepara­
tion of both small and large scale simulant samples and the methods developed 
to provide samples of repeated, controlled density.
5.4.1 Preparation  containm ent facility
Preparation of simulant samples using pluvation and pouring result in the pro­
duction of large quantities of dust that can remain suspended in the air for many 
minutes. The extent of dust production is proportional to the particle sizes and 
is more noticeable in finer material. For small scale sample preparations, such 
as those used in the DST experiments, the quantity of dust does not reach un­
manageable levels and can be left to disperse and settle naturally. For the much 
larger scale samples used in PST, however, the longer periods and larger quant­
ities of simulant transfer from hopper to test container produce much greater 
quantities of dust. Containment of the area used for preparation of test samples 
was, therefore, necessary for two reasons. Firstly, the extended periods of dust 
exposure individuals were subjected to during the experimental procedure would 
present detriment to their long term health. Secondly, unconfined dust was ob­
served to settle on other equipment and to escape the confines of the laboratory, 
contaminating the surrounding area.
To protect individuals from dust particles inside the containment frame during 
sample preparation, Sundstrom SR 100 respirator masks with pre-filter SR 221 
and particle filter SR 510, boiler suit overalls, steel toe capped work boots, and 
hoods were used during the experimental setup and execution (see Figure 5.16). 
To mitigate the effects of dust produced by the preparation methods used for 
PST, a containment facility was designed and built to allow experimental work to 
continue while protecting the surrounding area from contamination. The facility 
is comprised of two pieces of equipment. A steel scaffold cube frame, 3.2 m 
on each side, covered and sealed using 250 /rm plastic sheet and secondly, an 
extractor pump and filter, situated inside the frame. A 1.5 m wide and 2 m tall 
“doorway” was left in the front right corner to allow access to the inside of the 
frame. The plastic sheet is fitted to allow minimal airflow between the enclosed 
volume and the outside room. This allows the extractor fan to provide a slight 
negative pressure inside the frame, initiating an airflow into the containment area. 
Dust is contained by the airflow and prevented from escape into the surrounding
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area. The frame and extractor are shown in Figure 5.13.
5.4.2 Preparation of D ST  sam ples
Three techniques were used to prepare the DST samples of ES-1, ES-2 and ES- 
3 to achieve the desired variation in density: pouring in a single, continuous 
flow from a small height, pouring from higher distance and pressure-compaction. 
When preparing the low and medium density samples, movement of the shear 
box after being filled with a soil sample must be minimised to mitigate the risk 
of disturbances changing the fragile soil structure and thus the density. To en­
sure these disturbances are kept to a minimum each sample is prepared with the 
shear box in place in the DST apparatus. A protective dust cover ensures ma­
terial overflow around the shear box is contained and can be removed from the 
apparatus before commencing a test. High density samples were insensitive to 
moderate disturbances and were prepared in the shear box on the bench.
Pouring simulant from a low height is used to prepare samples with high void 
ratios, providing a low relative density. A similar method was used to prepare 
NASA JPL martian soil simulants for direct shear testing [33]. This method 
requires pouring of the material at a constant rate from a plastic cup into the 
shear box from the lowest achievable height. For the DST apparatus this was 10 
cm above the top of the shear box. As the extent of the soil actively engaged in 
the shear zone does not extend to the boundaries of the shear box (as illustrated 
in Figure 5.3), the sample was levelled using small quantities of simulant to fill 
any depressions in the surface.
The medium density samples were prepared by pouring from a height of suf­
ficient magnitude to allow the soil grains to achieve their terminal velocity, at 
which point the flow is fully turbulent. Therefore, a height of 50 cm above the 
top of the shear box was used when preparing these samples. The preparation 
technique was otherwise identical to the low density samples.
High density samples were prepared with a pressure-compaction method. This 
technique provides high densities, typically over 80 percent relative density. The 
method requires the shear box to be filled in three pouring stages. Each layer is 
compacted by imposing a static pressure and manual vibration.
5.4.3 Preparation o f P S T  sam ples
All three densities used in the PST of the soil simulants were based on an initial 
sample prepared by pouring. Despite the much larger sample size requirements, 
these preparation methods are similar to those used in the DST. Adapting the 
pouring technique to the scale needed for such large samples, however, required 
equipment capable of lifting large quantities of simulant material. The PST 
pouring technique, therefore, makes use of a crane to lift and pour the sand from 
one 205 L “hopper” drum into another at a constant rate. Flow was controlled 
by modification of the hopper drum to add a release mechanism, producing an 
instantaneous, continuous and controlled flow of material into the test drum. The 
release opens two 7 cm diameter holes in the drum base by rotation of a stop 
plate, as shown in Figure 5.14. The height is above the required 50 cm from the 
maximum fill level of the test drum to achieve terminal velocity in the flow.
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(a) Containment frame
(b) Extractor fan 
Figure 5.13: Containment facility frame and extractor fan
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Pouring provided the lowest density sample. To obtain higher density samples 
a vibration platform was built using a 50 cm square steel plate, 0.5 cm thick, 
mounted to rubber stand-offs, to which a motor attached to an off-set cam is 
mounted. After pouring the simulant into the test drum it is securely fastened 
to the vibration platform with two ratchet straps. The modified hopper drum 
and vibration platform apparatus is shown in Figure 5.15. Activating the motor 
rotates a 10 cm steel bar off-set 4 cm from the drive axis, vibrating the platform 
and drum at approximately 1000 rpm with an obeserved amplitude of displace­
ment of the order of approximately 1 to 2 mm vertically and horizontally. The 
photograph in Figure 5.16 shows the complete apparatus setup. Once the drum 
is full, the vibration platform is turned off. A medium density is achieved by 
preparation using the pouring method to obtain a low density sample which is 
then vibrated for 10 seconds to settle the material. High density samples were 
prepared by securing the empty sample drum to the vibration platform and activ­
ating the motor during the entire pouring process, giving a total time of vibration 
of approximately 60 seconds.
The initial selection vibration frequency, amplitude, magnitude and duration 
were nominal values based on the performance of equipment available in the Uni­
versity of Surrey laboratory. Although relatively arbitrary, the results from the 
use of this equipment were satisfactory for the requirements of the experimental 
work. Indeed, it will be seen that the duration of 10 seconds selected for medium 
density PST samples provided a relative density very close to half the difference 
between each material high and low relative densities. Although this “trial and 
error” approach provided suitable results in this case, it leaves an opportunity 
for future work to further study the control of relative density by varying the 
vibration parameters.
The very small particle size of the nepheline powder used for ES-1 presented 
a health and safety issue due to the particularly large quantities of dust left 
suspended in the atmosphere. To reduce the quantity of dust generated by the 
preparation of this simulant it was tested in the 64 L hard plastic bin. The 
same three sample preparation techniques were used, however, the simulant was 
manually poured into the 64 L bin using a small hand scoop with a capacity of 
approximately 1 kg. Continuous flow was not possible in this instance, however, 
the preparation of each sample did observe the requirement for a minimum 50 
cm fall height.
5.5 D ensity measurement m ethods
Having defined the protocols for preparation of DST and PST simulant samples, 
it is necessary to discuss the complimentary methods with which the relative 
density of the samples is determined. The relationship between specific gravity 
and relative density of a soil was introduced in Section 3.2.1. To measure these 
properties the maximum and minimum relative density of each material must be 
determined. The sample bulk density for each preparation method must then 
be obtained and relative density determined by comparison with maximum and 
minimum density.
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Retaining bolt
Stop plate (open) 
Exit holes in drum base (uncovered)
Drum
Drum base  
Stop plate (closed)
Exit holes in drum base (covered)
Figure 5.14; Schematic of drum sample release mechanism (base projection (l)^  
side projection (r))
5.5.1 Maximum and minimum relative density
Minimum density of the new soil simulants was determined using the ASTM 
standard for minimum density (ASTM D4254-00 [86]). The density estimation 
method used to obtain the values for SSC-1 and SSC-2 (as described in Section 
2.4), was repeated using the three new simulants by measurement of the settled 
volume in water. Maximum density was also estimated to be 5% greater than 
the maximum density achieved by compaction by hand. The density ranges for 
ES-1, ES-2 and ES-3 are shown in Table 5.1.
5.5.2 D ST sample density measurement
DST sample density is determined volumetrically. For low and medium density 
samples, calibration runs using the respective pouring methods were performed 
on the bench prior to the DST experiments. Three low and three medium density 
samples were prepared in each case. After filling the shear box the sample height 
was measured at two points on the sample surface using a micrometer with a pre­
cision of 0.1 mm. The shear box and sample was then weighed using a laboratory 
scale with a precision of 0.01 g. The sample density was obtained by calculation 
of the mass and volume after subtracting the shear box mass and base height. 
The tested samples were prepared with the shear box in place in the DST
Table 5.1: ES-1, ES-2 and ES-3 density ranges
Simulant Max. density (g/cm^) Min. density (g/cm^)
ES-1 1.31 0.65
ES-2 1.69 ("0.00.^ ; 1.30
ES-3 1.77 1.50
Standard deviation of mean maximum density shown in brackets
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(a) Drum modification (b) Vibration platform
Figure 5.15: Sample preparation apparatus for PST
Figure 5.16: Preparation of a controlled density sample of soil simulant
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apparatus using the respective low and medium density methods. The average 
density of the calibration runs was assumed to represent the density of the re­
spective samples. As the high density samples were already compressed outside of 
the main apparatus they were not sensitive to such disturbances. Sample height 
and mass could, therefore, be measured and weighed before each test providing 
density measurements for each sample.
5.5.3 P S T  sam ple density  m easurem ent
Simulant samples prepared for PST were much larger than those used for DST. 
Two methods were, therefore, used to determine the sample density: volumetric 
measurement and Resin Impregnation (RI). Similarly to low and medium density 
DST samples, measurements on test samples was not permitted to avoid dis­
turbances to the particulate structure and resulting relative density. Therefore, 
samples were prepared specifically for calibration of the density measurements.
Initially attempts to determine sample density were performed using the RI 
technique. This approach allows the determination of the in-situ density of loose, 
dry, granular soil while causing minimal disruption to a prepared sample. A 
hypodermic needle is used to transport an epoxy resin to a subsurface level within 
a large soil sample. The only disturbances introduced to the sample when using 
this method is minor particle rearrangement around the needle as it is inserted 
into the soil. This technique was detailed and later updated in [167]. Further 
refinements for improving flow of the resin into fine grained cohesionless materials 
were proposed in [165].
RI makes use of an epoxy resin comprised of Stycast W-19 resin. Catalyst 
24LV and the diluting agent Silquest A-1100. This resin is ideal for density meas­
urement as it does not change in volume during the curing process. Nominally, 
the ratio used in a standard mix is 100 parts resin to 30 parts catalyst to 20 
parts dilutant. The optimum ratio of each component, however, was varied de­
pending upon the absorption rate of the individual sample material and density. 
Hypodermic needles 40 cm in length with a 2.1 mm outer diameter and a 1.6 mm 
inner diameter were used to inject the resin under the sample surface. The tips 
are bevelled at 45 degrees and thin wire wool inserted 25 mm into the tip of the 
needle to prevent the backfill of soil during insertion into the sample.
To inject the resin into a sample, the needles are attached to syringe reservoirs 
and inserted into the soil mass, as shown in Figure 5.17. A known quantity of 
resin is dripped slowly into a syringe reservoir and allowed to fiow under gravity 
through the needle into the soil until no further resin is absorbed. The slow 
transfer rate allows the sample to absorb the resin naturally and minimises further 
disturbances to the particle structure.
Resin losses are determined from the difference between pre- and post-test 
weight measurements of all resin preparation and injection equipment. Curing 
takes between 12 and 48 hours, dependent on the dilutant quantity added, after 
which the resin sphere is removed from the sand mass and coated in additional 
resin to fill external voids and waterproof the surface. The sphere is weighed to 
determine the mass and submerged in water to determine its volume. The mass 
of the impregnated resin is subtracted from the mass of the sphere and the overall
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Resin
Flow of resin drops
Syringe reservoir
Needle
Sample T -T 'W ire  WOOL-
Figure 5.17: Resin impregnation needle arrangement
density of the soil determined with the following relationship:
^   ^ mass of sphere — mass of resin .Density of soil = -----------    — --------------  (5.2)
volume of sphere
RI was not suitable for ES-1 due to the fine nature of the nepheline material. 
While it would be expected that the capillary action which is relied upon to draw 
the resin through the material would be improved by such a material, this was 
not the case. The high viscosity of the resin did not allow the small voids to 
absorb the liquid, resulting in a clogging action. Samples of ES-1 were, therefore, 
prepared in the 64 L hard plastic bin. Density was measured volumetrically by 
determining the bin volume using water to a fixed fill level and measuring the 
mass with a laboratory scale to a precision of 50 g. Identical masses of ES-1 were 
used in samples at all three densities, where the total volume of a low density 
sample is equal to that of the bin. For medium and high density samples, the 
average drop in surface height after vibration was recorded. The difference in 
volume was subtracted when calculating the sample densities.
5.6 R esults and discussion
DST samples of the simulants were prepared at low, medium and high densities 
using the specified methods. The resulting densities and the respective void ratios 
are presented in Table 5.2. PST sample density was determined using RI for SSC- 
1, SSC-2 and ES-3. ES-1 densities were measured volumetrically. Preparation 
of ES-2 samples for PST was not possible due to insufficient quantities of the
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Table 5.2: Average density of simulants when prepared for DST x ; no data 
available
Low density* 
{g/cm^)
Medium density* 
{g/cm^)
High density* 
{g/cm^)
ES-1
Density 0.54 (0.017) 0.79 (0.018) 1.21 (0.015)
Void ratio (e) 3.30 1.93 0.91
Relative density (%) -41 36 92
ES-2
Density 1.24 (0.004) 1.36 (0.014) 1.44 (0.018)
Void ratio (e) 1.06 0^8 0.78
Relative density (%) -26 26 54
ES-3
Density 1.46 (0.004) 1.58 (0.006) 1.64 (0.058)
Void ratio (e) 0.78 0.64 0.58
Relative density (%) -17 34 56
SSC-1
Density 1.62 (0.024) X 1.71 (0.023)
Void ratio (e) 0.48 X 0.40
Relative density (%) 68 X 94
SSC-2
Density 2.23 (0.010) X 2.38 ("o.ogg;
Void ratio (e) 0.41 X 0.32
Relative density (%) 65 X 96
material being available. The density measurements of the PST samples are 
shown in Table 5.3. The ranges of densities observed in the results validate 
that the selected preparation procedures create sufficient variation between each 
density.
5.6.1 Sum m ary o f results
A chart summarising the measured densities for DST and PST samples of the 
regolith simulants is shown in Figure 5.18. Although not ideal as specific regolith 
simulants, SSC-1 and SSC-2 do show microscopic properties unlike the Engin­
eering Soil Simulants. Therefore these materials were also subjected to pressure- 
sinkage testing, although relative density measurements were not taken at the 
time. As such, the relative densities are estimated by considering the observa­
tion that the high density ES-3 PST and SSC-1 andSSC-2 DST samples are all 
within 94 and 98 percent of the respective maximum relative densities. Low re­
lative density ES-3 samples are 10 percent less dense than high relative density, 
whereas SSC-1 is only 6 percent less and SSC-2 5 percent. By considering the 
ratio of the difference in low and high relative density in the ES-3 PST and DST 
samples an estimate of the change in density in the SSC-1 and SSC-2 PST samples 
can be made based on the DST data. The variation in PST preparation method 
is seen to produce discrete, separate relative densities in the ES-1 and ES-3 simu­
lant materials. Similarly, the DST samples of SSC-1 and SSC-2 demonstrate the 
ability for these materials to support different relative densities.
Although the ranges are in general quite narrow, the steps are consistent and
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Table 5.3: Average density of simulants when prepared for PST
Low density* 
{g/cm^)
Medium density* 
{g/cm^)
High density* 
(g/cm^)
ES-1
Density 0.79 (0.018) 0.82 (0.004) 0.90 ( - )
Void ratio (e) 1.94 1.83 1.58
Relative density (%) 35 41 55
ES-3
Density 1.66 (0.039) 1.61 (0.019) 1.73 (0.038)
Void ratio (e) 0.57 0.61 0.50
Relative density (%) 63 45 87
SSC-1
Density 1.62 fx j 1.64 ( x ) 1.69 ( x )
Void ratio (e) 0.48 46 0.42
Relative density (%) 67 75 89
SSC-2
Density 2.23 ("x; 2.27 fx ; 2.35 ("x;
Void ratio (e) 0.42 0.39 0.34
Relative density (%) 64 74 89
Standard deviation shown in braekets
evenly distributed across the relative density range. In the DST samples a density 
range of nearly 0.7 g/cm^ is seen in ES-1 and of 0.2 g/cm^ in the case of ES-2 
and ES-3. Pluvation is seen to produce a slightly narrower range of density, 0.1 
and 0.15 g/cm^ in SSC-1 and SSC-2, respectively. The standard deviation is 
low in all samples, making the respective densities in each simulant discrete and 
segregated. It is noted that the medium density is a good fit between the low and 
high density samples of ES-1, ES-2 and ES-3. However, negative relative density 
values are also seen in these values. This result is not unexpected due to the 
nature of the minimum density measurement ASTM standard used, which notes 
that the results will not always reflect the absolute minimum relative density.
In ES-1 and ES-3 samples prepared for PST, the results indicate that the 
respective average low relative densities of 0.79 g/cm^ and 1.58 g/cm^ are similar 
to those of the medium density DST samples. This would be expected due to 
the height from which the simulant is poured during preparation for PST and 
the inherent compaction of the sample towards the bottom of the bin due to the 
soil surcharge. The pluvation of these simulants was from a height of approxim­
ately 20 cm, significantly lower than the 50 cm fall height produced by the PST 
preparation apparatus. This suggests layering, or particle size segregation, of the 
samples restricts the material from arranging in its least dense configuration.
Medium density ES-1 PST samples are seen to be a good fit between the 
low and high densities. However, the difference between small and large scale 
samples is greater in ES-1 than ES-3. It is not unexpected that this sample 
density would be much higher than the equivalent PST sample as the apparatus 
does not allow for the samples to be compacted by overhead loading. Examin­
ation of the image of ES-1 shown in Figure 4.11c illustrates the reason for this 
behaviour. The apparent cohesion of the nepheline material used for this simu­
lant produces macro-structures, lumps or clods, despite being free of water (the 
measured moisture content was under 0.3 percent), which are weak to the touch
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Figure 5.18: Summary of low, medium and high sample densities in all simulant 
samples for DST and PST
and easily broken. This behaviour indicates electrostatic or van der Waals force 
mechanisms as potential candidates for this response, the argument for which 
is strengthened when considering the extremely high surface area produced by 
the high proportion of small particles. During preparation of high density DST 
samples compaction destroys the cloddy structures, however, in PST vibration 
alone is not sufficient to fully break up the clods. As such, the material retains a 
much higher void ratio of 1.58, when compared to the DST void ratio of 0.91.
Finally, the RI technique used on FS-3 samples provided measurements for 
high, medium and low density samples. However, the resin impregnation con­
ducted on FS-3 produced an anomalous results: the low density (1.66 g/cm^) 
is greater than the medium density (1.61 g/cm^). Medium density samples are 
obtained by first preparing a poured density sample and then vibrating it. The 
vibration process to compact the sample to medium density gave a clear indic­
ation of success by the observation of a drop in the surface level of the sample, 
shown in Figure 5.19. Therefore, the anomalous result indicated by the resin 
impregnation must be identified.
5.6.2 Analysis of Resin Impregnation results
To determine which of the FS-3 sample density measurements were inaccurate, 
small samples were prepared in a 13 L container using both vibration and pouring 
techniques. The density was measured volumetrically in each case. The high 
densities obtained from the vibrated sample in the 13 L bins were close to that 
obtained via RI in the drums with a good level of confidence, thus validating the 
high density resin impregnation measurements. The poured density value of 1.51 
g/cm^ clearly indicates that the ES-3 low density value of 1.66 g/cm^ obtained 
via resin impregnation is anomalous.
It was not accepted that the 13 L bin value can be used directly to determine
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Approx. 20 mm
Before vibration After vibration
Figure 5.19: Observing the drop in FS-3 PST sample level before and after 10 
seconds of vibration to obtain a medium density
Table 5.4: Average high and low density of FS-3 samples prepared for PST and 
using the volumetric technique
Low density* 
0 /cm )^
Medium density* 
0 /cm )^
High density* 
0 /cm )^
Small scale tests
Density 1.51 (0.003) - 1.73 (0.006)
Final densities
Density 1.58 r - ; 1.61 (0.019) 1.73
Void ratio (e) 0.65 0.61 0.50
Relative density (%) 33 45 87
Standard deviation shown in brackets
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I 5 cm I
Figure 5.20: FS-3 “resin rod” produced using resin injection, illustrating the 
dominating effect of gravity on the sample form
the PST density value as compaction due to the weight of the simulant itself is not 
factored in the calculation. To obtain a better estimate of the poured PST sample 
density, the change in volume of poured samples before and after compaction was 
considered. A low density estimate can be calculated by adjusting the medium 
density measurement for the volumetric change. The 13 L test results and ES-3 
density values refined by volumetric difference are shown in Table 5.4. This final 
low density value is closer to that expected, in particular when considering the 
equivalent DST measurements.
To explain the anomalous results obtained via resin impregnation on poured 
FS-3 PST samples it is necessary to consider two points. Firstly, the sensitivity of 
the localised compaction level around the needle as it is inserted is greater in more 
loosely compacted samples. Secondly, the high void ratio in the poured samples 
places a higher bias on the resin flow due to gravity, rather than by capillary 
action alone. This is due to the necessity to dilute the resin to allow a sufficient 
quantity to flow into the samples before the curing effects take precedence over 
the flow rate. The result of this can be seen in Figure 5.20, where the resulting 
long, rod shaped FS-3 resin sample is shown. The result of this phenomenon is a 
density measurement representative of a large depth range of ES-3, rather than 
a localised region of the sample.
Future attempts at measuring loose, coarse sands such as ES-3 would be 
improved by considering alternative suspension materials in place of the Stycast 
resin. An appropriate substitute must be selected from materials viscous enough 
to overcome the effects of their own weight, while still flowing through the needle 
in a practical period of time. One such material is “carbowax”, particularly 
desirable due to its property of maintaining a constant volume between liquid 
and solid states.
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Table 5.5: Densities of lunar and martian regoliths
Mean low density* Mean high density*
{g/cm^) (g/cm^)
Lunar inter-crater 1.19 (0.48) 1.86 (0.27)
Martian drift 1.03 (0.06) 1.40 (0.17)
Martian aeolian 1.15 (0.07) 1.20 (0.14)
Martian cloddy 1.6 (0.57) 1.85 (0.50)
Standard deviation shown in brackets
5.6.3 Com parison to  planetary regolith  data
The objective of this chapter is to establish whether methods can be developed to 
prepare the regolith simulants at controlled relative densities, mimicking the con­
ditions observed in natural regolith deposits. While the aim was not to replicate 
specific densities, such as those observed in-situ in lunar and martian regolith, it 
is interesting to compare the results against the data presented in Chapter 4.
The data in Table 5.5 summarises the mean densities observed, measured 
or inferred in lunar and martian regoliths. On the lunar surface, the numerous 
sites visited found little variation in the density of the upper layer of regolith, 
as the micro-meteoritic “gardening” is globally ubiquitous. Martian regolith dif­
fers somewhat due to the atmospheric and aeolian processes which sort, weather 
and displace different regolith types to differing extents. It should be noted that 
as the measurements have been sourced from various locations and by various 
means, and presentation of the data in this way is intended only to be illustrat­
ive. Standard deviation is included to indicate the variation of the observations. 
Martian cloddy regolith data is not directly related to this study but is included 
for completeness.
Figure 5.21a presents the chart from Figure 5.18 over the in-situ regolith 
density data. Aeolian and drift regoliths are found at similar average densities. 
The plot indicates ES-1 sample densities are somewhat lower than the average 
density of martian drift regolith. SSC-2 samples are higher, on average, than the 
equivalent aeolian regoliths, due to the higher particulate density. ES-2, selected 
to replicate this type of regolith, is seen to be a good fit with the aeolian regolith 
densities. While coarse in nature SSC-1 and ES-3 are close matches to the more 
dense cloddy material. Disregarding SSC-2 and ES-1, the remaining simulants all 
fall within the range of average regolith densities observed on the lunar surface.
In Figure 5.21b the in-situ regolith density ranges shown represent the max­
imum to minimum densities observed on the lunar and martian surfaces. The 
lunar regolith density is seen to vary across the greatest range and incorporates 
all simulant preparations other than the most dense material, dense SSC-2. The 
data suggest that SSC-1, ES-2 and ES-3 all fall within the full range of regolith 
densities observed on the lunar and martian surfaces. The high particulate dens­
ity of SSC-2 is illustrated again by this data. The particle size distribution shown 
previously in Figure 2.10 suggest the simulant to be a good fit to aeolian martian 
regolith. However performance estimates using this simulant must consider the
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Low density 
Medium density 
High density
W  (3)p
SSC-1 SSC-1 SSC -2SSC -2 ES-1 ES-1 E S-2 E S-3 E S-3  
(PST) (DST) (PST) (DST) (PST) (DST) (DST) (PST) (DST)
(a) Simulant density data compared with average maximum to average minimum regolith 
densities observed in-situ
Low density 
Medium density 
High density
«I
SSC-1 SSC-1 SS C -2S SC -2  ES-1 ES-1 E S-2 E S-3 ES-3  
(PST) (DST) (PST) (DST) (PST) (DST) (DST) (PST) (DST)
(b) Simulant density data compared with the lowest to highest regolith densities observed 
in-situ
Figure 5.21: Density data from in-situ measurements and simulant tests. Legend: 
(1) Martian cloddy, (2) Martian aeolian, (3) Martian drift, (4) Lunar inter-crater
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effect of the higher particulate density on vehicle performance. The data also 
show ES-1 as the only simulant to support densities at the lower range of lunar 
regolith densities.
The results indicate that the simulant sample densities produced by the pro­
posed preparation methods are of the order of the regolith densities observed 
in-situ. When compared to in-situ data, the simulant density results (with the 
exception of SSC-2) fall within the observed ranges both on the lunar and martian 
surfaces. Future studies of the new simulants may require finer control of sample 
density based on other terrain analogue requirements. These data suggest that 
the new simulants would be suitable for such experiments.
5.7 Conclusions
This Chapter has explored and defined both direct shear and pressure-sinkage 
test methodologies, providing a means to measure and quantify the trafficability 
of regolith simulant-based terrain analogues in the laboratory. The methodologies 
developed for these experiments are extended from the typical approaches by the 
inclusion of calibration procedures for the control and measurement of sample 
relative density. This stage of regolith characterisation reflects the necessary 
steps to produce and test simulant samples suitable for determining macroscopic 
soil parameters. Moreover, this builds upon the microscopic characterisation data 
obtained in Chapter 4.
Of the preparation methods considered, pluvation by a thin curtain of sample 
material is known to provide simple control of sample density, however, samples 
are susceptible to segregation of soil particles. Consequently, an alternative ap­
proach is proposed based on the continuous pouring of a sample, mitigating the 
issue of particle segregation and layering. The process of controlled pouring is 
simple in the small samples required for direct shear testing, but a more ex­
tensive procedure is required for the 300 kg to 500 kg pressure-sinkage samples. 
Equipment tailored to the consistent preparation of such large samples has been 
developed and demonstrated to provide a controlled flow of simulant material. 
Using the prescribed preparation methods, the simulants are shown to reflect the 
target terrain property of supporting different relative densities. Furthermore, 
these methods allow the preparation of the simulants at three respective discrete 
and repeatable relative densities.
Quantification of relative density is a requirement in the analysis of soil de­
formation behaviour. Obtaining measurements of this property is shown to be a 
non-trivial task, requiring the use of procedures which do not disturb the sample. 
The relative density measurement methods considered included the less orthodox 
approach of resin injection, complimented by volumetric data where necessary. 
The RI method is seen to be sensitive to particle size, where difficulties are seen 
with over- or under-absorption of the resin in particularly coarse or fine materials.
Where injections were completed successfully, for example in ES-3, the relative 
density measurements obtained from the long resin rods illustrated the effect of 
density gradients in deep pressure-sinkage samples. When considering the average 
relative density of an entire sample, correlation of the maximum density between 
large PST and small test samples allowed the mitigation of the need for the more
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unreliable RI method. This provides a calibration method by combining volu­
metric relative density measurements in small samples with volumetric-difference 
measurements in larger samples. As such, sample relative density can be estim­
ated by observation of the volumetric change of a sample when using pouring and 
vibration preparation methods.
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Chapter 6 
R egolith trafficability 
characteristics for the ExoM ars 
rover
The standard approach to characterisation of terrain trafficability, particularly 
in terrestrial applications, relies on the collection of in-situ measurements. Such 
access is clearly not possible when considering planetary terrains. However, ob­
taining such data in the laboratory is now possible, having performed the ex­
tensive supporting studies described in the preceding Chapters. To elaborate 
on the results presented in this Chapter, data are also available relating to the 
terrain properties at the microscopic scale and the nature of the in-situ terrain 
conditions. Using these methods the following trafficability analyses based on 
macroscopic soil parameters can be presented in the context of the target terrain, 
in this case, those expected to be encountered by the ExoMars rover.
Specifically, the proposed approach allows for the analysis of the mechanical 
response of a frictional soil at the vehicle-terrain interface at specific relative 
densities. As shown in Chapter 3, this parameter will have an impact on the 
mechanical properties of the soil. Strength sensitivity to relative density has 
been observed in standard tests such as DST [89, 90], in-situ on the lunar surface 
[29, 30], in regolith simulants [33], in vehicle-terrain interaction [85, 168], in leg- 
soil interaction [81], in static penetration of soil by a regolith probe [169, 170] 
and in bio-inspired dual reciprocating drilling into regolith [171]. The theory 
of critical state soil mechanics states residual strength should remain constant 
regardless of initial density. In principle, this is due to the assumption that 
a distinct shear plane will always form during shear tests of a given soil [172]. 
While this is consistently the case in cohesive material, it is not necessarily true 
for granular, frictional soils, where a volume of soil is seen to be engaged up to 
and after the point of failure [173].
This Chapter will present and discuss the terrain strength characterisation 
parameters measured using the methods prescribed in Chapter 5. The analysis 
focuses on three behaviours not normally considered in the context of trafficability 
studies of frictional material. These are the lack of equal, residual stress state after 
failure, the effects of dilative behaviour on terrain strength, and the deformation 
response of the respective materials. To provide a broader context, pressure-
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sinkage tests are also performed on the existing SSC simulants, SSC-1 and SSC- 
2. These data are used to determine a terrain deformation response reflecting 
in-situ conditions in planetary regoliths and the interaction with small rovers. 
The mechanical and trafficability characterisation of the three new ES simulants 
formed part of the development and testing programme of the ExoMars rover. 
This work was part of a collaborative effort to improve and increase the range 
of mechanical characterisation equipment for granular soils at the SSC, and to 
develop the respective test methods. The methods and findings were provided in 
a technical report to Astrium and later formally published [36, 174].
6.1 Characterisation experim ents
6.1.1 A nticipated  m echanical param eters
The three new soil simulants were selected primarily to match the PSD of granular 
materials available terrestrially. The parameter selection was based primarily 
on an (unpublished) Astrium-led survey of martian soil mechanical properties. 
Strength parameters were also suggested by this survey, summarised in Table 6.1. 
These data are also similarly aligned with the three martian soil types identified 
in the review of soil parameters presented in Section 4.1.2. However, as identified 
in this discussion, interpretation of these data is limited by the knowledge of the 
in-situ parameters of the terrain. Few experiments tailored to the mechanical 
testing of frictional soils have been sent to the martian surface.
In particular, it has been challenging to determine a method for interpreting 
regolith PSD, particularly in extremely fine material, and in-situ density. Al­
though this may not remain the case for much longer, as the MSL carries a scoop 
and sieves as part of the Collection and Handling for Interior Martian Rock Ana­
lysis (CHIMRA) instrument [175]. Initial results from the MSL mission support 
previous observations of the prevalence of aeolian deposits with particle sizes of 
under 150 /zm in diameter [176, 177]. However, a large scope remains for the 
further study of martian aeolian deposit PSD. In the interim, these challenges 
have both been specifically addressed in the following experimental procedures 
and results, providing a means to validate or dismiss the anticipated values.
Table 6.1: Targeted soil parameters for ExoMars martian soil simulants. Particle 
size was specified by Astrium as the primary selection criteria.
Simulant Bulk density (kg/mS)
Modal size 
(/zm)
Max size 
{gm)
Min size 
{gm)
Cohesion
(kPa)
Angle of internal 
friction (°)
1300 ~10 -32 <10 0.5 -  1.5 16-21
1500 -10 -32 <10 0.5 -  2.0 18-24
1450 X -125 >30 0-1.5 23-27
1600 X -125 >30 0-1.5 29-34
1550 400 -  600 -20,000 >30 0-0.3 30-40
1800 400 -  600 -20,000 >30 0-0.3 35-42
ES-1
ES-2
ES-3
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Table 6.2: Average moisture content of each simulant
Simulant DST* (%) PST* (%)
ES-1 0.30 (0.07) 0.29 (0.020)
ES-2 0.17 (0.05) X
ES-3 0.22 (0.01) 0.19 (0.040)
SSC-1 0.06 (-) 0.19 (0.001)
SSC-2 0.04 (-) 0.14 (0.001)
* Standard deviation in brackets where available
6.1.2 Sim ulant m oisture content m easurem ent
To ensure the minimisation of the exposure of the samples to moisture, the simu­
lants were stored in air-tight transportation drums when not in use. Samples were 
prepared and tested in separate laboratories for DST and PST. The laboratory 
used for DST had an average temperature of 19° C and average humidity of 39 
percent. The second laboratory, used for PST, had an average temperature of 
17.5° C and average humidity of 38 percent. The initial moisture content meas­
urements shown in Table 4.10 were taken shortly after their delivery. Further 
moisture measurements were completed during the DST and PST experiments, 
using the ASTM D2216-05 standard with samples taken at the time of the test. 
Moisture content results for ES-1, ES-2, ES-3, SSC-1 and SSC-2 are shown in 
Table 6.2. The new materials were procured in dry bulk quantities, as neces­
sitated by the requirement to replicate the martian conditions. The moisture 
content testing confirmed the minimal moisture content of each material.
6.2 Summary of results
6.2.1 D irect shear tests
Each direct shear test was repeated a minimum of three times to allow for the 
identification of anomalous results. In particular, it was noted that after low 
and medium density samples had been prepared, relatively minor disturbances 
to the shear box could result in significant variation in the peak strength (where 
applicable). Poor results were identified by comparison of the magnitudes of 
the peak stresses and acceptably minimised in reruns by careful positioning and 
loading the hanger on the shear box. Samples of these data are shown in Figures
6.1 to 6.3. Shear displacement data for all three simulants at all three tested 
densities are shown, giving the nine plots in each respective figure^.
The final shear stresses are measured at the residual state, determined by 
the average stress measured in the final 3 cm of displacement, and averaged 
for each normal pressure and relative density. Analysis of the resulting failure 
envelopes used the tangent (effective) method, as shown in Figures 6.4 to 6.6. 
The resulting angles of internal friction and cohesion are shown for ES-1, ES-2 
and ES-3 in Tables 6.3 to 6.5, respectively.
Considering the shear displacement behaviours in Figures 6.1 to 6.3, two re-
A^ll DST test data are shown in Appendix C.
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Table 6.3: ES-1 soil simulant direct shear results
Density Normal pres­ Shear stress Instant, fric­ Effective Effective co­
[g/cm^) sure (kPa) (residual)
(N)
tion angle (°) friction 
angle (°)
hesion (kPa)
Low density 
(0.54)
8.70
17.10
6.14
11.20
35.11
33.22 29.48 1.33
25.50 15.64 31.51
Medium 
density (0.79)
8.70
17.10
25.50
6.73
10.85
16.36
37.63
32.34
32.68
29.85 1.50
High density 
(1.21)
8.70
17.10
9.56
14.41
47.63
40.11 32.32 3.90
25.50 20.18 38.36
Table 6.4: ES-2 soil simulant direct shear results
Density
{glcm2)
Normal pres­
sure (kPa)
Shear stress 
(residual)
(N)
Instant, fric­
tion angle (°)
Effective 
friction 
angle (°)
Effective co­
hesion (kPa)
Low density 
(1.24)
8.70
17.10
25.50
6.76
12.85
19.96
37.84
36.94
38.05
38.16 -0.24
8.70 7.77 41.73Medium 17.10 13.65 38.60 38.33 0.64density (1.36) 25.50 21.04 39.52
8.70 7.44 40.54High density 17.10 13.08 37.42 41.43 -0.82(1.44) 25.50 22.26 41.12
Table 6.5: ES-3 soil simulant direct shear results
Density Normal pres­ Shear stress Instant, fric­ Effective Effective co­
{g/cm^) sure (kPa) (residual)
(N)
tion angle (°) friction 
angle (°)
hesion (kPa)
Low density 
(1.46)
8.70
17.10
6.71
12.20
37.62
35.49 35.76 0.26
25.50 18.80 36.41
Medium 
density (1.58)
8.70
17.10
25.50
6.37
13.60
19.79
38.17
38.50
37.82
40.13 -0.41
High density 
(1.64)
8.70
17.10
7.59
12.48
41.08
36.13 34.31 1.37
25.50 19.05 36.76
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Figure 6.1: Shear displacement curves for ES-1
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Figure 6.2: Shear displacement curves for ES-2
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Figure 6.3: Shear displacement curves for ES-3
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Figure 6.4: Shear failure envelope for ES-1 (error bars represent standard devi­
ation of residual shear stress measurement mean)
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Figure 6.5: Shear failure envelope for ES-2 (error bars represent standard devi­
ation of residual shear stress measurement mean)
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Figure 6.6: Shear failure envelope for ES-3 (error bars represent standard devi­
ation of residual shear stress measurement mean)
143
6.2. SUMMARY OF RESULTS
sponses are seen. In samples of ES-1 the response follows that of a simple elasto- 
plastic response, comprised entirely of strain hardening behaviour (see the left 
hand diagram in Figure 3.6a). The expected convergence of shear stress at large 
displacements is not seen in these samples, in particular in the high relative dens­
ity preparations, resulting in the distribution of failure envelopes seen in Figure
6.4.
When considering the ES-2 and ES-3 data, dilative behaviour is seen (the right 
hand diagram in Figure 3.6a), indicating a brittle, strain softening response. In 
both simulants the magnitude of the peak is proportional to the relative dens­
ity. Furthermore, the shear stress at each respective normal stress converges to 
a residual strength in both materials, showing no sensitivity to initial relative 
density^.
A consistent residual effective angle of internal friction is seen at low and 
medium relative densities in tests on ES-1. It is also the only of the three simulants 
to show significant cohesion at all relative densities. Moreover, unlike the typical 
behaviour of frictional material, a consistent increase in failure strength is seen 
in high density results, where a slight increase in angle of internal friction is also 
seen. ES-2 shows little sensitivity between friction angle and relative density, 
consistent with frictional soils of little or no cohesion. Small levels of error in 
tests on materials of such low cohesion can result in the negative cohesion seen 
in low and high density samples. ES-3 also shows little variation in frictional 
strength with relative density. A low magnitude negative value of cohesion is 
seen in the medium density samples and the high density results show a notable 
increase in cohesion at 1.37 kPa. All three simulants appear cohesionless on 
visual inspection, however, apparent cohesion is seen in many of the results. This 
is manifested as a minor distribution of the ES-2 and ES-3 failure envelopes at 
each respective relative density and the consistent increase in cohesion seen in 
high density samples of ES-1. Such results do not follow the behaviour predicted 
by the critical state model.
There are many mechanisms which may introduce cohesive behaviour in fric­
tional material. One such mechanism includes curvature of the failure envelope 
in dense frictional materials, as shown by Giroud et al. (after Xenaki and Ath- 
anasopoulos [178]). In such cases, it is assumed that the shear strength of fric­
tional soils is comprised of frictional and dilative elements. Significantly high 
normal loads in dense samples can reduce the dilative effect producing a curved 
failure envelope. A non-linear response may be interpreted in highly dilative ma­
terial such as ES-3. More generally, apparent or effective cohesion may be seen in 
frictional soil samples due to the empirical nature of the Mohr-Coulomb failure 
criterion. As discussed in Section 3.1.1, the empirically derived parameters are 
the effective parameters in the Mohr-Coulomb strength model. Therefore, appar­
ent cohesion will be proportional to normal stress. As the normal stress tends to
^It is noted that zero increase in shear stress is seen in almost all samples at approximately 1 
mm displacement in Figures 6.1 to 6.3. This was noted when performing the experiments. After 
consulting with the laboratory technician and academic laboratory manager it was determined 
that unavoidable “slack” in the ELE DST apparatus was the responsible and that this was not 
an inherent behaviour of the soil response. While undesirable, this behaviour in the apparatus 
was not seen to affect the response of the sample being tested.
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Dense material
Loose material
Figure 6.7: Typical failure envelope forms, illustrating the effects of normal stress 
and relative density on shear stress (after Bishop [77])
zero, the angle of internal friction must increase and cohesion must tend to zero 
to intercept at the origin (i.e. at zero normal stress it is expected that there will 
be zero shear stress), as shown in Figure 6.7 [77, 99].
6.2.2 Pressure-sinkage tests
The deformation and failure behaviours of both ideal and frictional soils were 
discussed in terms of load bearing capacity theory in Chapter 3, an approach 
more typically applied to applications such as foundation design. Such methods 
are designed to estimate the ultimate bearing capacity, a condition found after 
failure of an ideal soil. However, the bearing capacity of real soils is seen to 
be a function of shear and compaction. It was, therefore, suggested that a typ­
ical load-settlement curve be divided into three regions; an initial steep, linear 
increase in pressure as the load stress increases, a curved region indicating the 
transition toward failure and finally the linear response after failure. In addition 
to this deformation behaviour the final linear region may demonstrate a slight 
upward curve, attributed to the additional surcharge of the surrounding mater­
ial as depth increases. Furthermore, the non-linear transition stage immediately 
prior to failure may present a peaked response, i.e. a strain softening behaviour 
similar to that seen in the direct shear tests of ES-2, ES-3, SSC-1 and SSC-2. 
The result of such a deformation response in a “real” soil during normal loading 
is illustrated in the three regions shown in Figure 3.22. In the discussion of the 
pressure-sinkage results which follows, regions A  and B  are referred to as the 
pre-failure behaviour and region C the post-failure behaviour.
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All ES and SSC simulants were prepared for PST with the exception of ES-2, 
for which an insufficient quantity of source material was available. Sample re­
sponses were measured to sinkages of between 10 cm and 15 cm, approximately 
one radius of an ExoMars wheel and the greatest feasible sinkage such a mobility 
system could endure before becoming embedded in the terrain. The results are 
shown in Figures 6.8 to 6.15 and the data from all PST tests are shown in Ap­
pendix D. Is is seen that, with the exception of ES-1, all simulants show a peaked, 
brittle response in the transitional stage (B). This is particularly apparent in the 
high relative density data shown in Figure 6.14. The results reflect a similar trend 
to that seen in the brittle load-settlement “Vesic” general shear curve shown in 
Figure 3.22b.
The nature of the peaked response will form the basis of the analysis presented 
in the following Sections. Where strain softening is observed the magnitudes of 
the peaks are observed to be proportional to the initial density. These behaviours 
are analogous to the responses observed during DST. Where peaks are present, 
examination of the PST data shows brittle failure when using both plate dia­
meters (the 50 mm diameter “small” and 125 mm diameter “large” plate sizes), 
and at relatively modest loads (parameters reflecting those of a small rover such 
as ExoMars). The classification of these responses, as discussed in Section 3.3.3, 
suggest all samples should be considered dense, with the exception of ES-1. Due 
to the preparation methods used to produce each sample this is not the case and 
the trend is not incorporated into either the Bekker or Reece pressure-sinkage 
models. A single set of Bekker or Reece coefficients are, therefore, insufficient to 
characterise a single, given soil material.
The relative magnitudes of the bearing strength are comparable in SSC-1 and 
SSC-2, however, it is significantly lower in ES-1 and significantly higher in ES-3. 
Considering SSC-2 showed the maximum average frictional strength during DST 
it would have been expected to see the greatest bearing strength in this material, 
which is not the case. Also unlike the DST responses, the simulants all show 
a consistent sensitivity to the initial relative density of the sample post-failure 
and do not converge, resulting in greater pressures for identical respective sink­
ages. ES-1 again presents a response which is an exception to those of the other 
simulants, exhibiting greater apparent strength under loading from the smaller 
plate over that of the larger plate. The initial deformation pressure response 
is also non-linear in this simulant. The experimental methods have produced 
changes in the particle-scale interaction by modifying the relative density and in 
the bulk-scale interaction by utilising simulants of differing frictional strengths. 
As a result, the bearing strengths of the regolith simulants are shown, there­
fore, to be significantly dependent upon interactions at both the microscopic and 
macroscopic scales.
Finally, pressure-sinkage coefficients for the Bekker and Reece sinkage estim­
ation models were computed using the respective data in an implementation in 
MATLAB of the Wong weighted least squares method, as discussed in Section
3.3.4. For each simulant at each density the data for each plate-pair test were 
cross-processed and the resultant pressure-sinkage parameters averaged, as shown 
in Table 6.6. In relative terms, both the Bekker and Reece coefficients illustrate 
the strong influence of frictional strength on the soil deformation behaviour in
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Figure 6.8: Pressure-sinkage response for samples of SSC-1: 125 mm plate
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Figure 6.9: Pressure-sinkage response for samples of SSC-1: 50 mm plate
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Figure 6.10: Pressure-sinkage response for samples of SSC-2: 125 mm plate
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Figure 6.11: Pressure-sinkage response for samples of SSC-2: 50 mm plate
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Figure 6.13: Pressure-sinkage response for samples of ES-1: 50 mm plate
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Figure 6.14: Pressure-sinkage response for samples of ES-3: 125 mm plate
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Figure 6.15: Pressure-sinkage response for samples of ES-3: 50 mm plate
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Table 6.6: Regolith simulants pressure-sinkage parameters for all data
Bekker coefficients 
n (-) kc {kPa/m^) {kPa/m^~^)
Reece coefficients
SSC-1
Low density 0.61 -0.48 138.53 5.02 309.02
Medium density 0.56 -0.33 181.04 10.55 415.90
High density 0.47 -6.50 454.00 -6.08 1590.27
SSC-2
Low density 0.63 -2.41 374.76 6.08 835.07
Medium density 0.62 -1.43 434.67 15.08 953.22
High density 0.47 -2.70 448.77 26.17 1324.11
ES-1
Low density 0.67 0.68 67.28 4.96 111.51
Medium density 0.71 1.30 61.96 6.05 87.69
High density 0.75 1.66 142.36 7.79 215.30
ES-3
Low density 0.85 -12.17 1459.55 -9.33 2049.51
Medium density 0.74 -12.57 1409.75 -5.64 2571.22
High density 0.47 -12.79 1014.72 -2.28 3470.51
Table 6.7: Pressure-sinkage goodness of fit values for all data
Simulant Bekker model Reece model50 mm plate 125 mm plate 50 mm plate 125 mm plate
SSC-1
Low density 0.82 0.91 0.82 0.91
Medium density 0.81 0.90 0.81 0.91
High density 0.78 0.91 0.78 0.91
SSC-2
Low density 0.89 0.93 0.89 0.93
Medium density 0.88 0.96 0.88 0.96
High density 0.85 0.93 0.85 0.93
ES-1
Low density 0.88 0.85 0.88 0.85
Medium density 0.83 0.90 0.83 0.90
High density 0.92 0.91 0.92 0.91
ES-3
Low density 0.91 0.86 0.91 0.86
Medium density 0.90 0.86 0.90 0.86
High density 0.79 0.75 0.81 0.77
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the high values of and k' .^ Conversely, the low cohesive influence is reflected 
in low values of kc and k'^  relative to the frictional coefficients. Moreover, several 
values of kc and k'^  show negative values. Such values are not uncommon when 
considering highly compressible terrain, typically snow [179].
The resulting parameters are used in equations (2.6) and (2.8) to produce 
model curves at each relative density, overlaid on the pressure-sinkage data in 
the respective figures. The resulting curves are seen to have a moderately high 
goodness of fit, as summarised in Table 6.7 (where a value of 1 indicates a per­
fect fit). They fail, however, to capture high magnitude peaks prior to strain 
softening in the pre-failure behaviour. The result is in an under-prediction in 
terrain strength at low sinkages and small over-prediction at higher, post-failure 
sinkages.
Little or no cohesive strength was observed in the simulants, as shown in 
the DST data. Therefore, the coefficient of cohesion would be expected to have 
little effect on the soil response. With the exception of ES-1, the simulants 
have kc values of two to three orders of magnitude lower than the coefficient 
of friction, k^. In ES-1 the coefficient of cohesion is of a similar magnitude to 
the other simulants, however the k^ values are of a lower order. The Reece 
parameters for the Wong weighted least squares method (see Section 3.3.4), k” 
and k'^  ^ show similar responses in each respective simulant, with a somewhat 
greater sensitivity to cohesive behaviour. The sensitivity of the simulant bearing 
capacities to initial relative density is also reflected in the parameter trends. 
Specifically, the coefficients of angle of internal friction show strong sensitivity to 
relative density, suggesting an increase in frictional strength as relative density is 
increased. The exceptions in ES-1 data suggest there is a much lower dependence 
on frictional strength alone, in contrast to the significantly higher magnitude 
coefficients of friction values in ES-3. An unusually low Bekker coefficient of 
friction is seen in high density ES-3, suggesting other mechanical factors are 
affecting the response. However, this trend is not reciprocated in the Reece 
values and, in all simulants, the Bekker and Reece models give almost identical 
curves.
6.3 Shear deform ation strength and relative dens­
ity
In typical terramechanics applications the shear displacement response of a given 
soil is assumed to follow an elasto-plastic behaviour -  a simple exponential curve 
response similar to that of a loose soil -  as suggested by Janosi and Hanamoto 
[78]. However, it is clear that this is not the case in the ES-2 or ES-3 simulant 
data presented in Figures 6.2 and 6.3, nor indeed the SSC-1 and SSC-2 data in 
Figures 2.12 and 2.13. Furthermore, residual strength parameters based on the 
Mohr-Coulomb model are assumed to represent the soil strength at all times. As 
shown in Chapter 3, the shear deformation stress prior to reaching the critical 
state can behave independently of the residual strength. In addition to rigid- 
plastic and elasto-plastic behaviour, this also presents the opportunity to consider 
peaked (brittle) shearing behaviour, due to soil dilation.
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The effect of both dilation and contraction of a soil during shearing is expected 
of frictional soils containing primarily rotund particles. However, it is seen in 
simulants (other than ES-1) where particles of various angularities are known to 
be represented (see Figures 2.9 and 4.11). The resulting change in shear stress 
response during deformation due to volumetric changes in the sample will clearly 
be dependent upon the initial density. It is also expected that all simulants should 
follow the shear deformation behaviour defined by the critical state model and 
tend to a constant, residual stress independent of initial density. Examination of 
the simulant failure envelopes (Figures 2.14, 2.15 and 6.4 to 6.6) shows this to 
be the case in general, and only the shear responses of SSC-2 and ES-1 to have a 
significant, constant difference in strength, particularly at high sample densities. 
These results are not consistent, therefore, with results seen in the literature, 
such as those shown in Figure 2.8. To identify the mechanisms responsible for 
the observed behaviours and how they might affect the deformation behaviour 
and trafficability of a terrain, the macroscopic and microscopic parameters and 
their responses to deformation must also be considered.
6.3.1 Sim ulant strength  and brittleness
To determine the nature of the strength-density relationship for the ES and SSC 
simulants it is necessary to consider the variation of the mechanical parameters as 
density is changed. In terms of the residual strengths, a small increase in effective 
angle of internal friction is seen in SSC-1, ES-1 and ES-2 as relative density is 
increased, however the variation in all cases remains between 2 and 12 percent, 
with the exception of medium density ES-2, which appears to be an outlier due 
to the negative value of apparent cohesion.
The distributions of strength parameters as sample density is varied are illus­
trated in Figures 6.16 and 6.17, which presents apparent cohesion and effective 
angle of internal friction data. When considering the apparent cohesion. Figure 
6.16 shows little correlation between cohesive strength and relative density in 
all simulants. The noted increase in the apparent cohesion of high density ES-1 
and ES-3 does not follow the respective trends of the medium and low density 
samples. The data also suggest a low sensitivity of effective angle of internal 
friction to relative density (Figure 6.17). Plotting the effective angle of internal 
friction against apparent cohesion for each relative density, as shown in Figure 
6.18, illustrates a weak and inconsistent correlation between these parameters, 
contradictory to the data presented in Figure 2.8.
To understand why this may be the case it is necessary to consider other 
mechanisms which may affect the soil strength prior to failure. Immediately it 
becomes clear that the soils may not have reached their residual stress. Further­
more, the observed brittle behaviour will provide falsely exaggerated strength 
estimates if deformation is not of a magnitude to push the materials to the crit­
ical state. Failure is not instantaneous and the extent of a typical shear box 
displacement may not be sufficient to reach the residual strength. This is also 
valid for loose samples, which must be deformed until a constant, residual stress 
is reached. Indeed, one contributor to the response seen in ES-1 is likely to result 
from insufficient deformation to completely reach the critical state, indicated by
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the slight gradient seen at the end of the DST data in Figure 6.1.
Where brittle failure is seen, the magnitude of the effect can be considered as 
dependent upon both microscopic and macroscopic parameters. Clearly, frictional 
strength results from physical contact between the particles. The ES simulants 
were selected based on the similarities between their microscopic parameters -  in 
this case, particle size and its grading uniformity -  and those of martian soils.
A well graded soil will present the opportunity for a greater number of particle- 
particle contact points but also provides a medium in which larger particles may 
be supported, facilitating their movement over one another. The relative density 
will affect this behaviour by varying the extent to which the particles physically 
interact with each other. The magnitude of the net stress will depend on the 
porosity, where greater voids result in fewer points of contact. Furthermore, the 
additive stresses as particles are pushed around and over one another are absorbed 
to varying degrees depending upon the magnitude of the inter-particle structures 
which emerge as relative density is reduced. Finally, it is necessary to consider the 
particle shape. Greater particle interlocking would be expected of more angular 
particles, increasing the stress required to dislodge and displace the material.
To quantify the brittleness of the simulants at failure the magnitude of the 
effect can be considered using a fg, as discussed in Section 3.3.3 and defined by 
Bishop in [77] as
I b  =  ( 6 . 1 )
'^ max
where =  Lf’ failure stress, and the residual strength.
The frictional nature of the simulant materials would suggest an increase in 
brittleness index as relative density is increased as greater stress is required to 
push the particles over one another in the shear zone. The magnitude of the 
index would also be expected to be proportional to the normal load, considering 
the failure envelope curving effect. The brittleness indices of the simulants are 
shown in Figures 6.19 to 6.23, where three different behaviours are seen. Firstly, 
ES-1 demonstrates little brittleness at all three tested relative densities and no 
sensitivity to normal load. Secondly, ES-2, SSC-1 and SSC-2 all demonstrate 
a typical frictional response, where brittleness is proportional relative density 
and inversely proportional to normal load. Finally, a third behaviour not typical 
of such material is seen in ES-3, where the brittleness index initially responds 
identically to ES-2, SSC-1 and SSC-2, but reduces and converges at the highest 
relative density.
These results indicate that brittle mechanisms are responsible for changing 
the pre-failure strength of the terrain, invalidating the assumption that the re­
sponse is purely elasto-plastic in regolith-like materials. This effect is amplified 
under low loading conditions which naturally result in a lower residual strength. 
The larger relative brittleness to higher loads, however, suggests the additional 
stress of particle displacement is independent of the normal load. The limita­
tion of this behaviour is exemplified in the ES-3 response, which clearly shows 
evidence for curvature of the failure envelope in dense samples due to physical 
constraint of the soil dilation. It is also interesting to note the much greater brit­
tleness indices of SSC-1 and ES-3, both of which are constituted from materials 
of similar, sub-rounded shapes and include particles of similar sizes. While the
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Figure 6.23: Brittleness indices of SSC-2
measurement values are related directly to the specific materials, it illustrates a 
more general observation where the microscopic properties of the material will 
have considerable effect on the deformation behaviour under a given set of loading 
conditions.
6.3.2 Sim ulant d ilative behaviour
The brittleness of a frictional soil is directly related to the dilative behaviour, 
which is seen in the shear deformation response in all materials, with the excep­
tion of ES-1. This does not refiect the rigid-plastic or elasto-plastic responses 
assumed in the traditional analysis of terrain trafficability. Indeed, it has now 
been shown that only with the context of further terrain properties, e.g. the rel­
ative density, that the direct shear data can be comprehensively interpreted. To 
further examine the nature of the brittleness during shear deformation prior to
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reaching the critical state, is it logical to consider the magnitude of the dilation 
of the simulant samples, as measured during the direct shear tests.
Considering first the vertical displacement response of ES-1, shown in Figure 
6.24, a decrease is seen in low and medium density samples. This corresponds with 
the ES-1 shear displacement data in Figure 6.1, showing non-brittle behaviour 
during shearing. Unusually, the high density response is dilative at medium 
and high normal stresses and contractile at low normal stress. Furthermore, the 
contraction in volume is far less than in the lower density samples. The material 
only reaches a state of constant volume under low and medium normal stresses in 
high density samples. This behaviour reflects the transition of the soil stress state 
through stress-volume space but not reaching the critical state. As ES-1 indicates 
only strain hardening behaviour, the residual strength of low and medium density 
samples would be expected to tend to a higher, constant value after further 
displacement. However, when considering the soil displacement beneath a small 
vehicle, such a significant displacement will not be the case at the vehicle-terrain 
interface.
To illustrate this point, consider a wheel with a diameter of similar order to 
that of the ExoMars wheel, approximately 30 cm (assuming no rim deforma­
tion), traversing a terrain comprised of simulant ES-1. The contact patch length 
is equal to the arc length defined by the wheel radius and sinkage and the shear 
displacement will be defined by the slip ratio. For example, for a nominal sinkage 
of 5 cm the arc length in contact with the terrain is approximately 11 cm. As­
suming a nominal slip ratio of 20 percent (half the maximum allowed by the MER 
drive software [180]), an element of the soil beneath the wheel would experience a 
relative displacement of approximately 2 cm. If a smaller wheel is considered, for 
example the Sojourner wheel with a diameter of approximately 13 cm, the shear 
displacement is only 0.9 cm at 20 percent slip. This suggests identical terrain 
conditions will present differing responses at the vehicle-terrain interface as rover 
size is decreased.
The deformation behaviours seen in ES-2 and ES-3 do not follow that of ES-1. 
Instead, the response shows dilation in all cases and is closer to that seen in SSC-1 
and SSC-2 (see Figure 3.11). The ES-2 vertical displacement data shows dilation 
at all densities and of increasing magnitude as density is increased. Furthermore, 
constant volume is reached in all cases at a displacement of approximately 4 
mm. When considered in conjunction with the failure envelopes and resulting 
mechanical parameters, it can be stated with some confidence that this material 
reaches the critical state within 4 mm of displacement.
Examination of the vertical displacement of ES-3 in Figure 6.26 shows a re­
markably similar response to that seen in ES-2. Dilation occurs under all test 
conditions and constant volume is reached within approximately 4 mm displace­
ment. However, the magnitude of the dilation is similar in medium and high 
density samples. Furthermore, the mechanical parameters computed for ES-3 do 
not reflect the linear failure envelope predicted by the critical state model. The 
outlying result suggests higher apparent cohesion and lower respective effective 
angle of internal friction in high density samples. It was previously suggested 
that a non-linear failure envelope such as this may occur under high normal loads 
where dilative components of residual strength are constrained. The vertical
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displacement data for ES-3 would indicate a similar process occurs as density 
is increased due to the reduction in void ratio. The volume of voids in which 
the particles are capable of moving is reduced, reducing the dilation despite the 
normal load remaining identical in medium and high density samples.
6.3.3 Further strength  m echanism s identified in ES-1
It has been suggested that often only the residual strength of frictional materials is 
considered in the terramechanics analysis of vehicle performance. Furthermore, 
in the interpretation of shear deformation behaviour it is seen that the strain 
conditions are assumed to be large enough to mitigate the need to consider brittle 
failure of frictional soils. This may be the case for high-mass vehicles (e.g. over 
1000 kg), however, this assumption clearly does not hold when considering a) 
frictional soils and b) continuous changes in relative density. Both are properties 
of the selected regolith simulant materials. Furthermore, assuming mechanical 
parameters to be constant is not always valid, as moving outside of a tested range 
of normal stresses may result in a failure envelope of a different slope (e.g. Figure 
6.7). Therefore, effective angles of internal friction and apparent cohesion must 
be assumed to be indicative and not taken as absolute readings in any granular, 
frictional material.
Several mechanisms have been proposed which will change the mechanics of 
the shear deformation response away from a typical, linear Mohr-Coulomb failure 
envelope. Most significantly are those related to the relative density and the 
extent to which the material dilates during deformation. In an ideal soil, it would 
be expected to see identical failure envelopes at the residual strength independent 
of the initial relative density. The response in materials other than ES-1 can be 
characterised in this way in general by the consistency in the responses seen in 
the deviatoric effective (shear) stress, the mean effective (normal) stress and the 
volumetric change. Furthermore, the observed divergences from this model can 
be explained by purely mechanical processes. However, when considering the 
ES-1 data the results are less comprehensive.
The residual strength of dense ES-1 is of particular exception as, while the 
angle of internal friction is similar to that of low and medium density samples, 
a significantly and consistently higher apparent cohesion is seen. Although at a 
much smaller scale, it is likely that a similar mechanism to that producing the 
curved ES-3 failure envelope is also responsible for the ES-1 response. In this 
case, it is assumed the strain hardening behaviour is an indicator of shearing in 
dense, granular material where limited or non-fiow deformation is observed [181]. 
This demonstrates a limitation of the critical state model in frictional materials, 
particularly in the low load and minimal strain conditions at the vehicle-terrain 
interface of a small rover. Other interactions on the particulate scale must, there­
fore, be considered in order to identify the processes responsible for the deviation 
from the critical state response.
The ES-1 source material, nepheline, is comprised of extremely small particles, 
under 10 jim in diameter and thus having a grading more representative of that 
of a clay. Materials containing clay minerals and water are typically considered 
to be cohesive soils, however, moisture content tests using ES-1 indicate that it
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(a) ES-1 at 300x magnification (b) ES-1 at lOOOx magnification
&
(c) ES-1 at 5000x magnification (d) ES-1 at lOOOOx magnification
Figure 6.27: ES-1 at high magnification
is a dry material (see Table 6.2). Despite these data, clear cohesive behaviour 
is seen as the material tends to form clumps, even when in a loose state (see 
Figure 4.11) and can support a vertical or sub-vertical face. Further examination 
of the microscopic properties is possible by inspection of the high magnification 
SEM images of ES-1 shown in Figure 6.27. Contrary to the expectation that the 
particles should be platy in shape, the images show more rotund to sub-angular 
particles and a size range extending much farther into the micron and sub-micron 
level than that determined by the Coulter Counter. Indeed, the extensive quantity 
of these extremely fine particles would provide the massive surface area necessary 
to develop significant cohesive effects due to inter-particle attraction mechanisms. 
These include forces such as electrostatics, which have been observed in ES-1 
samples, or van der Waals forces.
The observed change in mechanical behaviour in ES-1 is clearly the result of 
increasing the relative density of the sample, as a significant increase in apparent 
cohesion is only seen in high density samples. Such a response would be expected 
in a material comprised of platy clay particles, which do not show equal residual 
strengths. Platy particles will have a tendency to align along their longer surfaces 
which introduces the inter-particle force effects. As such, after shear deformation 
of a clay it would be expected to find a polished “slickensided” shear surface 
with a distinct separation surface as the particles have been pushed into the least 
entropie state. Such a discrete separation surface will be characterised by a thin 
zone of highly orientated particles, over which the two distinct blocks will slide.
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(a) ES-1 sample holding its form after (b) A similar process as shown in Mor- 
removal from the shear box and wavy gentstern and Tchalenko [173] 
form of the shear plane.
Figure 6.28: Dense ES-1 sample after shear deformation
Inspection of a high density ES-1 sample removed from the shear box after 
DST, shown in Figure 6.28a, shows that despite the rotund particle shape a 
discrete shearing surface is seen. Similar formations in the shear surface have 
been observed in shear tests using mixtures of platy and rotund materials. Vary­
ing sand-mica mixtures subjected to direct shear test by Lupini et al. in [182] 
show that as the percentage by volume of platy particles is increased, the shear 
behaviour comprises of a combination of both volume change and particle re­
orientation. Indeed, at a sand-mica fraction of 40 percent a split shear zone is 
formed with a slickensided textured surface. Analysis of electron microscope im­
ages of the shear plane show clay particles orientated parallel to the surfaces of the 
sand grains. In [173] direct shear tests of similar materials were interrupted at 
successive displacements and, after impregnation using carbowax, photographs 
taken of sections of each sample. Two such sections are reproduced in Figure 
6.28b, illustrating the discrete separation surface. However, the images also show 
failure lines extending into the surrounding volume.
Considering again the dense ES-1 sample in Figure 6.28a, a wavy, discon­
tinuous separation surface is seen which does not appear to be polished. This 
illustrates why the soil is not seen to follow the critical state model for frictional 
materials or a single residual strength. The wavy nature of the shear surface 
suggests the engagement of the surrounding material as shown in Figure 6.28b, 
however, the discrete blocks are consistent with results shown by Lupini et al..
The shear deformation behaviour in ES-1 is, therefore, defined by the com­
bination of the microscopic properties of the nepheline source material with the 
observed mechanical response. The very small but wide range of particle sizes 
allows some particle alignment to occur, in a similar way to platy materials and 
for very close packing at high density. Therefore, the inter-particle forces between 
the particles at such close proximity will provide an apparent cohesion not seen 
in more loose samples. Indeed, the confined nature of the sample will initiate 
dilation of the sample, allowing the stress distribution to propagate throughout 
the soil and engage more of the total volume. This is contrary to loose samples
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where compaction of the sample dominates the effect of inter-particle forces.
6.3 .4  R elation  to  in-situ  m easurem ent data
Given the martian regolith classifications described in Table 4.4 and the beha­
viours described above, some correlations can now be drawn between the meas­
ured parameters of the ES simulants and those observed, measured or inferred 
in-situ.
M artian  drift: Prediction of trafficability in materials exhibiting behaviours
other than static, residual strength, is challenging. Drift material similar to ES-1 
is generally expected to show low angles of internal friction of approximately 20° 
or less. Material observed by the Viking 1 lander with frictional strength in this 
range demonstrated the higher cohesion seen in ES-1. However, the Sojourner 
rover also observed material of frictional strength in the same range as ES-1, but 
of much lower cohesion. Considering the cohesive behaviour of ES-1, this would 
suggest the in-situ material is mechanically similar at very low relative densities.
M artian  aeolian: The aeolian material similar to ES-2 is the most commonly
found regolith on the martian surface. This is reflected by the fact that rover 
traction control on the martian surface has generally been subject to few surprises 
in the terrain trafficability. Such material has been observed throughout the 
traverses of the MER rovers and, furthermore, material similar to ES-2 bulk 
density and mechanical behaviour was also observed by the Sojourner rover. The 
measured shear deformation behaviour illustrates the relative ease with which 
the mechanical strength of such materials can be predicted with respect to the 
critical state model.
M artian  coarse or cloddy: Mechanical parameters for coarse regolith depos­
its are not as widely studied, however more coarse materials, similar to ES-3, 
were observed by the MER rovers (see Table 4.3). Cloddy materials, i.e. those 
demonstrating cohesive behaviour, were not included in this study. However, 
those which are seen in-situ demonstrate similar residual strength to ES-3. Such 
terrain may be expected to show similar shear deformation behaviour to ES-3 
if sudden, brittle failure occurs. Such materials are typically found in the form 
of thin “duricrusts” (see [183, 184, 185]), the mechanical nature of which is still 
relatively poorly understood.
The anticipated mechanical parameters for the ES simulants were provided 
in Table 6.1. The measured parameters largely follow those expected, however, 
exceptions lie in the materials and test conditions which did not result in the 
samples reaching the critical state. Comparison of the anticipated and measured 
values produce the following results.
ES-1: The very fine grading of ES-1 was expected to produce somewhat higher
values of apparent cohesion. Low and medium density samples show apparent 
cohesion values of under the maximum expected of 1.5 kPa. The anticipated
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maximum cohesion in high density samples was 2.0 kPa, however, this was much 
lower than the measured value of 3.9 kPa. The angles of internal friction were 
7 - 1 2 °  higher in low and medium density samples and 8 -  14° higher in dense 
samples. This would indicate the expected values reflect extremely loose in-situ 
soil which is not deformed to the critical state.
ES-2: The shear deformation response seen in ES-2 closely matched that pre­
dicted by the critical state model. As such, the anticipated apparent cohesion is 
within the expected range of 0 -  1.5 kPa at all sample densities. The expected 
effective angles of internal friction of 23 -  34° were lower than those measured, at 
38.2 -  41.4°. The higher frictional strength is expected, however, when consider­
ing shape of the particles. The sub-angular shapes seen in ES-2 (see Figure 4.11) 
increase the ability for particle-interlocking over the more rotund particle shape 
expected in an aeolian sand.
ES-3: The curved failure envelope seen in high density ES-3 results in an appar­
ent cohesion at high density of 1.37 kPa, much higher than the expected 0.3 kPa. 
This in turn results in a lower effective angle of internal friction of 34.31°, mar­
ginally below the lower end of the expected range of 35 -  42°. Low and medium 
density samples were not seen to suffer any constraints during shear deforma­
tion and can be assumed to be at the critical state at the point of measurement. 
As such the mechanical parameters of these samples are seen to fall within the 
expected values.
6.3.5 Sum m ary
The relationship between residual strength and relative density, as seen by other 
researchers in this area, could not be repeated. It is seen, therefore, that ana­
lysis of the shear deformation behaviours of the simulant residual strength only 
is not always sufficient when considering terrain trafficability. This is due to the 
non-trivial contractile and dilative behaviours of frictional soils during shear de­
formation which introduce a third, brittle deformation behaviour, in addition to 
elasto-plastic and rigid-plastic deformation.
Contrary to the typical assumptions used in terramechanics, brittle deform­
ation is seen in all simulants, with the exception of ES-1. Using a brittleness 
index, the magnitude of this effect is seen to be related to both macroscopic and 
microscopic properties of the simulant materials, in particular the relative density 
and particle size, respectively. Moreover, three, discrete brittleness responses are 
identified in the DST data; little to no brittleness in ES-1, brittleness increasing 
with relative density in ES-2 and constrained brittleness in ES-3. Increasing brit­
tleness is also seen in SSC-1 and SSC-2, however, insufficient data is available to 
determine whether this is constrained. A general trend of increased brittleness is 
seen as normal load is reduced.
Despite the loose preparations of ES-2 and ES-3, volumetric change data in­
dicates dilation is seen in all sample preparations. However, ES-3 presents further 
evidence of constrained dilation due to similar volumetric change in medium and 
high density samples. Together with the brittleness data, these results indicate
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a strong likelihood of being responsible for the curvature in the failure envel­
ope seen in this material. Additional, non-mechanical processes affecting shear 
strength are illustrated by the dilation response of ES-1. The clay-like response 
results from the high surface area presented by the high number of extremely 
small, sub-micron diameter particles. At high densities and normal loads, the 
effects of non-mechanical forces such as electro-statics and van der Waals provide 
measurable contributions to the inter-particle attraction.
The three mechanisms identified above, brittleness, dilation and non-mechanical 
forces, all represent stresses which cause deviations from the typical linear Mohr- 
Coulomb response. They are seen to varying extents in each of the simulants, 
which were selected due to their similarities with martian regoliths. Specific pre­
parations of these materials can be seen to represent analogous materials iden­
tified in the martian terrain. However, these mechanisms can result in changes 
to the terrain strength in identical materials where changes in properties such 
as relative density or loading conditions occur at the vehicle-terrain interface. 
The observed change in deformation behaviours will result in identical regolith 
materials presenting differing trafficability characteristics.
6.4 Terrain relative density and the pressure- 
sinkage response
Typical terrain trafficability analyses consider only the long-term deformation 
response, captured by the empirical coefficients of the pressure-sinkage models. 
However, this largely ignores the mechanics of small deformations, as identified 
in the previous section. DST experiments have illustrated that such pre-failure 
mechanisms are sensitive to relative density, thus affecting the stress state during 
shear interactions analogous to those at the vehicle-terrain interface. It is logical 
to assume, therefore, that similar deformation behaviours will affect the response 
due to normal stress. Initial evidence supporting this suggestion is seen in the 
PST data where changes in strength with relative density and stress peaks at 
low sinkage are present. To improve the prediction of the terrain deformation 
response of regolith, analysis of these behaviours in the simulant materials under 
a range of normal load conditions must be used. These data allow the examination 
of the effects of pre-failure stress responses, rather than (or in addition to) the 
quasi-static response alone.
6.4.1 Effect o f relative density on sam ple bearing strength
The concept of pre- and post-failure behaviour in PST data was described in 
Section 6.2.2 and is analogous to the pre- and post-failure behaviours seen in 
DST data. However, the post-failure response in PST data is seen to be sensitive 
to the pre-failure response. This is evidenced in two ways, firstly the large range 
of bearing strengths measured in the respective simulants and, secondly, in the 
relative strengths of each simulant when prepared at different relative densities. 
Such responses are unusual as, while the pre-failure stress states do vary, the 
residual strengths are typical of frictional materials and do not correlate with the
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Figure 6.29: Stress peak due to strain softening seen in high relative density 
SSC-1 PST data
observed normal stresses at failure.
Where brittle failure occurs the response is considered as “peaked”. This is 
classified by an increase in the rate at which the data gradient reduces as sinkage
eases and if a subsequent increase in gradient follov.'’S. By this definition, 
peaked responses are seen in all data, with exceptions in the SSC-1 low and 
medium density samples using the large plate and in ES-1. The responses can be 
considered in terms of the residual strength of the simulants and the brittleness 
indices of each respective simulant. As such, it would be expected to see ES-1 to 
provide a lower bearing strength than that of SSC-1, SSC-2 and ES-3. Indeed, 
this is the case and ES-1 shows a bearing strength three to six times less than that 
of the other simulants tested. However, by the same assumption SSC-2 should 
demonstrate greater strength than SSC-1 and both greater than that of ES-3. 
The relative bearing strengths of these materials is in fact the reverse, where 
ES-3 -  having the greatest brittleness -  illustrates much greater bearing strength 
than SSC-1 and SSC-2. The pressure response of SSC-1 is also less than that of 
SSC-2 but with the exception of high density samples when using the large plate.
To understand this result, the observed responses must be considered as a 
combination of the frictional strength of a given simulant in addition to the 
brittle strength, most clearly demonstrated in SSC-1 PST data. High relative 
density samples of SSC-1 exhibit a pre-failure stress peak similar to a brittle 
failure, or strain softening, whereas medium and low relative density samples do 
not. Figure 6.29 shows this in a section of the data focusing on the initial 6 cm of 
displacement. A greater relative increase in post-failure stress is seen in the high 
density sample relative to the medium density sample {A) than between the low 
and medium density samples (B). This reflects the effects of strength due to both 
the shear stress at the developing failure planes and that of the relative density 
on the dilative response. Unlike DST data, however, the increased magnitude of 
the normal stress prevails throughout the remainder of the PST test.
ES-1 demonstrates the response more typically expected of a pressure-sinkage 
test. The samples are indicative of a cohesive material, and extremely loose
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preparation or long term deformation would be required to observe a similar 
response in a frictional material. However, a distinct increase in the bearing 
strength of the dense samples is seen in the data. The density of the PST sample 
(0.90 g/cm^) is closer to the medium density DST sample (0.79 g/cm^) than the 
high density sample (1.21 g/cm^). As such, dilation would not be expected and 
it is unlikely that the observed PST response is due to this mechanism. However, 
as discussed in Section 6.3.3, as the proximity of the particles in ES-1 is reduced 
the effect of non-mechanical forces is seen to increase. This suggests that the 
magnitude of the void ratio in high density PST samples is sufficient for such 
forces to take a more significant effect.
All samples show the continuous separation between responses of different 
relative densities, analogous to that seen in DST of frictional materials of high 
dilatancy. However, the nature of the brittle failure indicates that the displace­
ment required to move towards the critical state at the failure planes is much 
greater than that seen in the direct shear data. As such, the residual strength 
of the materials will not refiect the respective behaviours during failure due to 
normal loading. Furthermore, the lack of convergence beyond the point of brittle 
failure suggests that the displacement of the material at the failure planes never 
reaches the critical state, primarily due to continuous compaction of the sample. 
This effect is in addition to the development of truncated failure planes where 
local or punching shear is present (see Figures 3.20 and 3.21). As such, the result 
is a deformation response related to both the normal loading and the mechanical 
behaviours specific to material properties affecting the dilative response.
6.4.2 Pre- and post-failure prediction  of bearing strength
To characterise the pressure-sinkage response of each respective simulant it is, 
therefore, necessary to include consideration for both the relative density and 
the effect of dilation in each sample. This can be achieved by considering the 
pre- and post-failure responses independently, to separate the initial deformation 
stages from the continuous deformation stage. By doing so, the resulting Bekker 
and Reece parameters will refiect the respective responses including the effects of 
these behaviours. This will provide a terrain characterisation of greater validity 
than when using a single preparation to obtain pressure-sinkage coefficients.
The peaked response seen in the PST data forms a subset of the entire data 
set, therefore diverging from the smooth curve represented by the pressure-sinkage 
models. For the purposes of this analysis, the response is split into two curved 
responses, representing the pre- and post-failure responses. Therefore, the follow­
ing interpretation of the data attempts to determine pressure-sinkage coefficients 
maximising the correlation for low and high sinkages. This filtering of the data 
for a specified purpose allows the selection of Bekker or Reece parameters which 
optimise the goodness of fit. Furthermore, the result will produce a series of 
pressure-sinkage coefficients that are representative of data which incorporates 
both the dilative response and the effect of the relative density.
Selection of the optimum parameters is based on determining the pressure- 
sinkage coefficients reflecting a maximal goodness of fit. Computation of the re­
spective Bekker and Reece coefficients was completed using data subsets reflecting
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increasingly greater (pre-failure) or fewer (post-failure) data points. Pre-failure 
data were selected from pressure values from z =  0.001 m to z =  Zmax m. Con­
versely, post-failure data were selected from pressure data with the initial points 
removed in 0.001 m increments. Goodness of fit values are calculated using the 
respective Bekker and Reece parameters computed from each data subset. The 
data provide six pressure-sinkage coefficient sets representing the complete set of 
plate size and relative density combinations for each data subset of each simu­
lant. Selecting the data subset providing the highest goodness of fit allows the 
computation of the respective, optimal coefficients for each plate size and relative 
density. All goodness of fit values, the maximal goodness of fit values and the 
respective optimal pressure-sinkage coefficients are provided in Appendix E.
Figures 6.30 to 6.33 show model plots based on the optimal parameters over 
the range of the data subset from which they were generated. When compared 
against the model curves using all data, the post-failure response, in general, 
is both captured more precisely and more representative of the response. An 
exception is seen in high density ES-3 when tested with the small plate due 
to the continuous upward curve of the response. Inspection of the pre-failure 
responses demonstrates several behaviours related to the sample brittleness (and, 
therefore, the relative density) shown in Figures 6.19 to 6.23. Consequently, 
the pressure-sinkage responses can be related to the pre-failure responses of the 
simulants during DST. The brittleness indices of the simulants measured from 
DST data allow the categorisation of the pre-failure pressure-sinkage responses 
into three categories.
Low brittleness index: As seen in ES-1 (1% < Ib < 6%), where analysis 
of pre-failure data does improve the model precision at capturing the very early 
stages of compression. This simple response is reflective of the typical elasto- and 
rigid-plastic responses assumed in terramechanics analyses. As such, when using 
the pre-failure, post-failure and all data, the response is captured particularly 
well at all stages.
M odera te  b rittleness index: As seen in SSC-2 (2% < Ib < 21%) and in 
lower density samples of SSC-1 (24% < Ib < 40%). These parameters show 
better capture of the pressure-sinkage response when considering only pre-failure 
data. Removal of the high sinkage data allows the dilatancy bias to dominate 
the capture of the response. Again, this splits the response into elasto-plastic 
pre-failure and rigid-plastic post-failure responses.
H igh b rittleness index: As seen in high density SSC-1 and medium to high 
density ES-3 (33% < Ib < 47%) results in model curves in the pre-failure data 
which are a poor reflection of the response. The model curves are not capable 
of capturing the magnitude of the dilative strength seen, in particular, in high 
density ES-3 using the large plate.
Therefore, these data provide the basis for the proposal of a brittleness threshold. 
This allows the definition of a confidence metric based on the goodness of fit of 
data subsets from a pressure-sinkage test, incorporating known relative density
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Figure 6.33: Optimal pressure-sinkage goodness of fit values for ES-3
and brittleness parameters. For low to moderate brittleness, up to Ib ~  24 per­
cent, the pre-failure data can be characterised with good confidence by rejecting 
high sinkage measurements and vice versa for analysis of the post-failure response. 
For high brittleness, where Ib ~  25 percent and above, only high sinkages in the 
post-failure range can be confidently fit by the Bekker and Reece models.
6.4.3 Identifying brittleness in pressure-sinkage param et­
ers
In low confidence soils where ig  is high, the full data sets across the range of 
densities tested can be used to compute pressure-sinkage parameters, providing 
an indication of the magnitude of the brittleness effect. The pressure-sinkage 
coefficients from Table 6 . 6  are compared against their respective sample densities 
in Figures 6.34 to 6.35. The soil exponent (n) is the tangent of the log-slope of the 
pressure-sinkage data. In principle, this should allow the use of this parameter 
to estimate the change in soil strength and, therefore, the density (or vice versa). 
For such curves where sinkage z is less than unity (i.e. a unit depth of sinkage, 
or 1 m in this case) -  as is the case in the test data for all simulants -  soil 
exponent values between 0  and 1 would be expected to produce steeper curves 
as the value decreases. Inspection of the soil exponent values in Figure 6.34, 
however, shows an increase in the soil exponent as relative density is increased in 
ES-1. A downward trend is seen in all other simulants, ES-3, SSC-1 and SSC-2 . 
In the case of ES-1, the two-parameter nature of the Bekker and Reece models 
allows for decreasing soil exponent values to remain valid in samples of increasing 
relative density.
In all simulants, low coefficients of cohesion of close to zero are seen, as shown 
in Figure 6.35, indicating the extremely low effect of cohesive strength. When 
considering the influence of changing relative density in the frictional responses, 
shown in Figure 6.36, the coefficient values are generally seen to increase with 
density, indicating the increasing strength of the sample. This parameter is seen 
to be strongly sensitive in the Reece model but less so in the Bekker approach, as 
the values of k^ f, reflecting the response of ES-3 are seen to decrease with density.
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Figure 6.36: Coefficient of internal friction angle variation with density
contrary to all other coefficient of friction values.
Therefore, where changes in relative density may occur, computation of pressure- 
sinkage parameters using individual samples provides little information regarding 
the terrain trafficability. Measurement of bearing strength at differing relative 
densities allows the computation of parameters which can be filtered depending 
on the brittleness of the material. If relative density is known, the brittleness 
may be estimated through calculation of the brittleness index using DST meas­
urements. However, where DST is not possible, the relative magnitudes of the 
Reece-Wong frictional parameter from PST data, measured in samples of differing 
relative density, indicates the change in brittleness as density is increased. This 
incorporates the addition of brittle strength in addition to frictional strength in 
the material during deformation. As materials of high brittleness are known to 
provide pressure-sinkage parameters of lower confidence, inspection of the relative 
change in k'  ^ allows an assessment to be made of the parameter goodness of fit to 
the measured response.
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6.4 .4  E vidence for continuous com paction during deform ­
ation
As simulants which demonstrate peak stresses during deformation are doing so 
in dense samples, the typical assumption is that such frictional materials fail by 
general shear. However, the analysis this far has assumed continuous compaction 
of the material occurs during deformation which would imply failure by local 
shear. This prevents the failure planes reaching the critical state and supports 
the assumption that the observed stress response is the combination of frictional 
and brittle strength. Therefore, it is necessary to consider other aspects of the 
soil response which support the stated assumption. Examination of the broader 
properties of the material, including microscopic (such as particle size and shape) 
and macroscopic (such as failure plane geometry) also suggest the failure response 
does not follow that assumed during general shear.
The assumption that continuous compaction occurs during deformation can 
be illustrated in the coefficient of angle of internal friction, as defined in the Reece- 
Wong pressure-sinkage model used in Section 6.4.2. This parameter demonstrates 
a strong sensitivity to the brittleness of the material and its variation as relative 
density is changed. Examination of the parameter as used in the Wong method 
(equation 3.42) shows it to be a function of k'  ^ and 7 ,
= (6.2)
Therefore, it is sensible to assume that, if soil density does not change dur­
ing loading, the Reece parameter should remain constant. This is not the case, 
however, as shown in the data summarised in Table 6 . 8  (using parameters for all 
PST data). The change in this characteristic parameter supports the assumption 
that there is a change in relative density during deformation. This prevents the 
failure planes from reaching the critical state and allows the continued contribu­
tion of brittle strength to the deformation response beyond the displacements as 
measured in DST.
If the three deformation modes of a real soil as described in Section 3.3.3 are 
considered, it would be expected to see continuous compaction to be greatest in 
punching shear (i.e. loose material) and lowest during general shear (i.e. dense 
material). In fact, SSC-1 most closely follows the expected change in deformation 
response as relative density is increased. However, ES-1 demonstrates a punching 
shear response even in high density preparations, due to the low relative densities 
this material has been shown to support. The response of SSC-2 refiects that of 
local shear, regardless of relative density and the ES-3 data suggests a transition 
from local to general shear as relative density is increased. Instead of associat­
ing the observed responses with relative density, these behaviours correlate with 
the brittleness of the respective simulants. This suggests the failure response 
in frictional materials is not necessarily due to relative density in general, but 
specifically the brittleness of material during shear.
To illustrate this, consider the stress response of dense ES-3 during failure, 
which follows that typically associated with general shear, including a peaked 
response during the transitional stage. In an ideal soil, it is assumed that the 
volume engaged during deformation follows that defined by a passive Rankine
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Table 6.8: Coefficient of internal friction angle sensitivity to density
Simulant Density (g/cm^) (Reece coefficient)
SSC-1
Low 1.62 190.75
Medium 1.64 253.60
High 1.69 941.00
SSC-2
Low 2.23 374.47
Medium 2.27 419.92
High 2.35 563.45
ES-1
Low 0.79 141.15
Medium 0.82 106.94
High 0.90 239.22
ES-3
Low 1.58 1297.16
Medium 1.61 1597.03
High 1.73 2006.08
earth pressure response and the associated failure planes. When developed in 
granular, frictional soil this also typically results in heaving of the material sur­
face. However, observation of the surface disturbance of dense ES-3, having the 
highest brittleness index, indicates that a drop in surface level also occurs in the 
region immediately surrounding the plate. Figure 6.37a illustrates this response, 
showing a drop in surface level surrounded by heaving of the surface. Such be­
haviour is more indicative of local shear.
If the failure were purely by general shear the extent of the soil disturbance 
can be determined by the calculation of the geometry of the passive Rankine 
zones, as described in Figure 3.16. Using the angle of internal friction for dense 
ES-3 from Table 6.5, active and passive earth pressure zones are estimated, shown 
over a representation of the drum boundaries in Figure 6.37b. The series of zones 
shown illustrate the estimated response due to load from the 125 mm plate. 
The magnitudes of the shear zones indicate that, when using the larger plate, 
the surface disturbance would be expected to extend beyond the boundary of 
the drum wall. However, a significant separation (approximately 6 cm) from 
the inside of the drum walls is seen in the image in Figure 6.37a. This would 
suggest the development of the failure planes is truncated, a failure mode also 
more indicative of local shear.
The observed behaviour diverts, therefore, from the general shear response 
normally expected from a dense, frictional material. The results show that the 
relative density is high enough to result in significant dilation, producing stress 
peaks more typical of dense samples. However, the samples also exhibit a re­
sponse associated with more loose samples, truncating the extent of the failure 
planes. The effect of boundary interaction with the failure planes is further 
reinforced when considering the pressure-sinkage response measured using an 
identical, dense preparation of ES-3 in the smaller, 43 cm diameter bin. The 
reduction in diameter will result in the interaction of the observed failure planes 
with the bin walls. Interception with the boundary further constrains the move-
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Figure 6.37: Surface deformations showing local and general shear
ment of the shear planes and the development of the stress towards a residual 
strength. In a non elasto-plastic or rigid-plastic response this will result in a point 
of greater stress along the brittle shear displacement stress peak. Figure 6.37c 
compares the pressure-sinkage response from the high density sample in Figure 
6.14 using the 59 cm diameter drum to that taken in the 43 cm diameter bin. 
The greater bearing stress and larger shear peaks in the sample using the smaller 
container illustrate the constraint on the displacement of the shear planes.
Therefore, as dilation is key to engaging more soil around the failure plane, 
more brittle soils can produce strength greater than those of higher residual fric­
tional strength. The brittleness and magnitude of the brittleness index of a given 
frictional material is dependent on macroscopic properties (i.e. relative density) 
and microscopic properties (i.e. particle shape and size). However, dilation must 
also be possible without significant constraint and avoiding displacement towards 
the residual strength, both of which are typical of the deformation mechanisms 
found at the vehicle-terrain interface of a small, low mass rover. The tractive
177
6.5. CONCLUSIONS
ability of a small rover will increase where engagement of the soil is maximised. 
Therefore, terrain trafficability is dependent upon both the brittleness and the 
quantity of soil engaged in the regions surrounding the failure planes.
6.4.5 Sum m ary
Of the shear deformation behaviours identified in Section 6.3, brittleness through 
dilation during displacement has been shown to defer the normal load response 
away from that assumed in an ideal, elasto-plastic or rigid-plastic material. The 
bearing strength of the simulants has been demonstrated to comprise of both 
frictional strength and brittle strength throughout the extent of the displacement 
tested. As such, the brittleness and the frictional strength are inherently linked 
by both the relative density of the material and also the microscopic properties 
of the material. This is illustrated by the deformation modes observed in ES-1, 
SSC-2 and ES-3, which are maintained irrespective of relative density.
SSC-1 does demonstrate the addition of brittle strength as relative density 
is increased, marked by a greater increase in bearing strength between medium 
and high density samples than low and medium density samples. However, the 
normal methods for modelling the pressure-sinkage relationship in terramechan- 
ics -  using the Bekker- or Reece-Wong approach -  do not adequately capture the 
response when analysed by means of an extensive data set. Splitting of the data 
can mitigate this to an extent, allowing the independent analysis of high and low 
sinkage responses. This also presents the benefit of providing pressure-sinkage 
coefficients which reflect the brittleness and frictional strength of a material at 
a given relative density. Reece-Wong frictional coefficients for a series of relat­
ive densities can also be used to indicate confidence (or goodness of fit) in the 
computed parameters.
Analysis in terms of the stress response during pressure-sinkage suggests that 
the behaviour does not follow elasto-plastic or rigid-plastic deformation, inhibit­
ing the failure planes from reaching the critical state. This supports the finding 
that bearing capacity in the tested simulants is sensitive to brittle strength. For 
this to be the case, new, undisturbed material must be continuously engaged to 
maintain the dilative response at the failure plane. ES-1 and SSC-2 both demon­
strate punching and local shear behaviour in their stress responses. The ES-3 
response is more indicative of general shear, however, examination of the mag­
nitude of the failure planes demonstrates this as unlikely. The high brittleness 
index of this material produces a stress response similar to that of general shear, 
however, the extent of the failure planes is indicative of local shear.
6.5 Conclusions
In terramechanics applications prediction of the behaviour of the shear deforma­
tion response is subject to a number of assumptions. These typically describe the 
failure of an isotropic and homogeneous material; where failure is either elasto- 
plastic or rigid-plastic, tends to a constant residual strength independent of the 
initial soil state, and defines a linear failure envelope following the Mohr-Coulomb 
criterion. However, these assumptions are seen to be regularly violated by the soil
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simulants defined in Chapter 4 when subject to direct shear deformation. Indeed, 
it is clear that while the materials are predominantly frictional in nature, their 
behaviour does not necessarily follow that of a medium that is either isotropic or 
homogeneous.
Failure is almost exclusively accompanied with strain softening (with the not­
able exception of ES-1). The magnitude of the resulting brittle peak is seen to be 
subject to microscopic properties at the particulate scale, in addition to macro­
scopic properties such as the relative density. Such properties result in mechan­
isms which alter (typically positively) the residual strength of the material away 
from the frictional strength. In the tested simulants, this includes the following 
mechanisms; brittle strength due to dilation, curvature of the failure envelope, 
and non-mechanical forces. The brittle responses observed in the respective sim­
ulants can be divided into three further categories of behaviour; no brittleness, 
increasing brittleness, and constrained brittleness. The relative magnitude of 
these effects is sensitive to relative density. However, the specific behaviours and 
absolute magnitudes are dependent upon microscopic properties of the respective 
materials, including particle shape, size, grading, dilative response. Such proper­
ties are responsible for divergences from the linear Mohr-Coulomb failure envel­
ope. Non-mechanical forces are observed in very fine samples and indicate the 
dominant effect of weak interactions, including electro-static and van der Waals 
forces. The magnitude of non-mechanical forces is also dependent on relative 
density, which must be high in this example.
The behaviours described above indicate the common parameter of relative 
density where changes in soil strength and deformation responses are seen in 
identical soils. However, it is now seen that many sub-categories of effects may 
result from changes in relative density which affect strength in unique ways. These 
behaviours are subject to the microscopic properties and behaviours of the soil, 
making the change in response challenging to predict. Mechanical inter-particle 
interactions will change as shape, size and grading change. In fine material, higher 
relative densities allow non-mechanical forces to dominate. As such, estimation 
of the material strength by analysis of the residual strength alone is insufficient 
when relative density is also likely to vary.
The analysis of the shear deformation of the simulant materials during DST 
indicates that the failure responses are predominantly brittle. This is due to 
dilation at the failure planes, which increases relatively within a given soil with 
relative density but has a magnitude which subject to the microscopic proper­
ties of the soils. Inspection of the pressure-sinkage responses of the respective 
simulants demonstrates this is also the case during normal loading, however, a 
“residual” strength is not reached. Therefore, bearing capacity is sensitive to ini­
tial relative density and higher relative densities will result in dilation (or higher 
dilation) at the failure planes. This results in further bearing strength in addi­
tion to that defined by the frictional strength. Capture of this response using 
terramechanics methods performs poorly and accuracy continues to reduce in 
materials of increasingly higher brittleness indices.
Capture of the brittle response in materials of Jj? % 25 percent or less can 
be improved when using the Bekker or Reece pressure-sinkage models by negat­
ing data of high or low sinkage. For more brittle materials the dilative response
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is not captured and confidence in the sinkage estimates is reduced. However, 
examination of Reece frictional parameters measured in similar samples at differ­
ing relative densities allows the identification of highly brittle materials. When 
such materials are being traversed, the pressure-sinkage models are more likely 
to over-predict sinkage at low pressures.
The increased strength due to soil brittleness is illustrated by the higher bear­
ing strength found in ES-3, despite having lower frictional strength than SSC-2, 
for example. Observation of soil disturbance on the sample surface during PST 
indicates that failure is due to local shear and not general shear, as suggested by 
the stress response measurements. As such, this result is indicative of continuous 
compaction of the sample as the plate displacement continues. Where this mech­
anism is the case the failure planes are restricted from reaching the critical state. 
Bearing capacity estimates based on residual strength of a given material are, 
therefore, likely to under-predict the real world response unless brittle strength 
is also considered.
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Chapter 7 
R egolith trafficability assessm ent 
for a wheeled microrover
By means of the characterisation tests in Chapter 6, the nature of the simulant 
material deformation behaviours have been determined and discussed. The results 
indicate that the terrain strength and, therefore, its ability to support traction, is 
sensitive to both relative density and microscopic soil properties. Vehiclemobility 
tests focusing on planetary rovers have been performed previously using various 
soil materials which simulate regolith, for example in [16, 59, 64, 107]. However, 
often such analyses focus on the geometry of the interaction of the mobility 
system with the terrain [186, 187]. In these examples, little attention is given 
to identify the means by which the mechanical parameters of the test terrains 
are obtained. The development of future rovers for planetary exploration must 
consider the vehiclemobility in terms of the trafficability of the terrains likely to 
be encountered. It is necessary, therefore, to consider the changes in tractive 
ability in terms of the microscopic and macroscopic parameters of a regolith -  or 
its simulant -  such as those measured in the ES and SSC simulants.
The characterisation of vehicle traction can be performed by measurement of 
the thrust generated by a wheel at controlled slip ratios. Increasing the slip ratio 
provides greater engagement of the terrain and improves the thrust generated as a 
result. However, increased sinkage results as terrain material is displaced behind 
the wheel which, in turn, increases the terrain resistance forces. The analysis of 
drawbar pull at a range of slip ratios provides information on the optimum slip 
ratio which maximises tractive ability. Potential limitations in the methods used 
to estimate the mechanical response of regolith-like terrain were identified where 
high brittleness or low (absolute) sinkage is likely to occur. Parameters must 
ideally be computed using data from simulant samples prepared using precisely 
prescribed methods. Without consideration of the pre-failure deformation beha­
viours -  in addition to residual responses -  shear strength may be underestimated 
or sinkage overestimated as brittleness increases.
As such, this Chapter will investigate the accuracy with which the traction 
of a nominal rover can be predicted when such soil parameters are used. It will 
attempt to determine how the identified mechanical responses both prior to and 
after failure affect trafficability and, consequently, the traction of a wheel-based 
mobility system. The focus of the analysis will be to assess the feasibility of a low- 
mass microrover as a potential platform for lunar or martian surface exploration.
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7.1 Thrust estim ation of a rigid wheel
Measurement of the terrain stress distribution beneath a wheel was shown by 
Onafeko and Reece to follow a radial distribution [14]. As such, Figure 2.7 can 
be illustrated as in Figure 7.1, showing the radial distribution of stress around 
the wheel-terrain interface. In this example, the stress components are split into 
the normal stress perpendicular to a point on the wheel-terrain interface and 
the shear stress tangential to it. Across the arc of the interface a stress bubble is 
formed, comprised of a “leading” region, in front of the point of maximum normal 
stress, labelled and a “lagging” region, behind this stress point. From the 
geometry of the interface it is seen that the sinkage at any point can be expressed 
in terms of angles 0 and 9i,
z{6) = r (cos 9 — cos ^ i ) . (7.1)
The magnitudes of both the shear and normal stresses in the terrain increase 
as the wheel contact angle tends towards 9rm after which the stress decreases to 
zero at ^2 - The point of peak stress and the wheel contact angle are related by 
two further empirical factors, ci and Cg, and the wheel slip ratio i.
9m _"3“ — Cl +  C2%. 
(/I
(7.2)
It is shown, therefore that the form of the stress distribution bubble within 
the terrain is proportional to the slip ratio and will shift forward, toward the
DP
'm
Figure 7.1: Stress distribution in terms of sinkage angle 9i and angle of maximum 
stress 9m
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direction of travel, as slip ratio increases. Little detail has been provided describ­
ing the measurement or selection of values for the two maximum stress position 
coefficients (ci and cg). However, it is widely assumed that ci =  0.43 for compact 
sands and 0.18 for loose sands, while Cg =  0.32 for all sands [15, 23, 188].
For the leading contact patch, where 6 < 9^, sinkage can be estimated using 
equation (7.1). In the lagging region, where 9 is found between 9m and 0g the 
stress begins to reduce. Subsequently, it is suggested in [15] that for this region,
z{e) = r (cos j  )  -  cos g i)  . (7,3)
In many cases the elastic response of a dry granular soil is expected to be 
negligible. It is common to assume 0g =  0 and calculate stress distribution to the 
wheel bottom dead centre.
7.1.1 The force equilibrium  beneath  a w heel
In Chapter 2 equations (2.11) and (2.12), as proposed by Wong and Reece [15], 
were introduced to define the drawbar pull (DP) and weight (W). These equa­
tions express vehicle thrust and sinkage in terms of the vertical and longitudinal 
force equilibriums, respectively. Assuming radial normal and shear stress distri­
bution along the terrain contact patch of a wheel, drawbar pull and normal load 
are defined as
DP = rb 
W  = rb
p9l nOy
/ t{9) QOS 9 à9 — / (7(0)sin0d^ 
J  62 J 62
pOy p9i
/  cr(0)cos0d^+ / r { 9) s i n 9  d 9  
J 90 Joo
Using equation (2.12) to estimate the wheel contact angle (i.e. the sinkage) 
for a vehicle of known weight, W , the tractive ability of a wheel can be calculated 
in terms of drawbar pull using equation (2.11).
7.1.2 N orm al stress d istribution
Assuming the normal stress (o') is equal to the normal pressure (p) from a wheel, 
the pressure-sinkage models introduced in Chapter 2 can now be considered as 
functions of wheel contact angle. Substituting z in equations (2.6) and (2.8) for 
the radial forms in equations (7.1) and (7.3), gives the following for the leading 
stress distribution region,
<7i(^ ) =  ( y  + /c,^ ) • (r (cos^ -  cos6>i))", (7.4)
using the Bekker model for pressure-sinkage. The Reece model takes the 
following form,
ai{9) = (k" +  k'^b) • (cos 9 -  cos ^ i)" . (7.5)
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For the lagging stress distribution region, normal stress
<^ 2(0) =  ( y  +  4 ) (»■ (cos0 -  (fli -  (^  ( c ! + t o * 0 )  ”
and
<^2 {fl) =  (K  + k'fi) ( 0  (cose -  (e i -  ( c |+ t * T O )  “  “ " ^ 0  ’
for the Bekker and Reece models, respectively.
7.1.3 Shear stress d istribution
In traditional terramechanics, shear stress is defined in terms of the Mohr-Coulomb 
failure criterion as a function of slip ratio, as shown in equation (3.12). However, 
this model assumes the soil to exhibit an elasto-plastic shear deformation re­
sponse proportional to the shear deformation modulus {k). The brittle behaviour 
measured in all simulants other than ES-1 is a closer refiection of the more elab­
orate Wong model shown in equation (3.13). This model incorporates two further 
empirical parameters; an equivalent shear deformation modulus Ky ,^ indicating 
the displacement of peak stress, and “brittleness distribution” coefficient, Kr- As 
such thrust can also be estimated as a function of wheel contact angle in terms 
of the shear deformation modulus j.
Therefore, for elasto-plastic deformation,
r{6) = {c-\- cr{6) tan</>) (l — , (7.8)
and brittle deformation.
r{9) = {c + a{9) tan (j)) Kr K r { l -  e-i) ^ , (7.9)
where a is defined as shown in Section 7.1.2.
For any given stress state, slip ratio can be defined in terms of Vj, where
Vj =  rw [1 — (1 — i) cos 9]. (7.10)
Therefore, integrating across the wheel contact angle (assuming a frictional 
material where ^2 =  0),
nOl
j =  (1 — (1 — 2) COS 9) d9 
Jo
— ^ [(^ 1 — 9) — (1 — i) (sin 9i — sin 9)], (7.11)
shear displacement at any position on the contact arc can be estimated. Thus,
shear strength in the leading stress region in elasto-plastic soils is defined as
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ti{6) = {c d-ai{6) ta,n(f)) ( l  — e , 
and the lagging stress region,
7 2 M  =  (c +  ct2{0) tan0) ^1 — .
(7.12)
(7.13)
For brittle soils, shear strength is estimated using the Wong shear deformation 
model shown in equation (7.9). In the leading stress region.
ti{9) =  ( c  +  (Ti{0) tan cj)) K, 
and the lagging stress region,
1 +
1 - l e 1 —
(7.14)
d W  =  ( c  +  0-2(9) tan (j)) Kr 1 + A :r ( l - e - i )
-  1 I
(7.15)
7.1.4 Sinkage estim ation  from th e  norm al load equilib­
rium
9i can now be estimated if the vehicle weight is known. Expressing equation 
(2.12) in terms of wheel contact angle, 0 < 9 < 9i  ^ with the maximum stress 
defined at 9m, the following solution is used to define vehicle weight.
W  = rb
+
pui P^m
/ ai(9)cos9d9+  / 0-2(9)
Jem Jo
r9i fOm
/ Ti(9)sm9 d9 + /  T2(9)si 
Jem Jo
cos 9 d9 
n 9 d9 (7.16)
Wheel contact angle, and the resulting sinkage estimation, is found by solving 
equation (7.16) for W, i.e. finding a value of 9± where W  is equal to the known 
vehicle weight. Therefore, from the geometry in Figure 7.1 it is clear that total 
sinkage z(9 = 0) can be defined in terms of the wheel contact angle,
r =  r cos 9i +  z. (7.17)
Ishigami defines equation (7.16) as the hd, arising from shear and normal 
stress on the terrain as a function of slip ratio [188]. However, in determining 
the total sinkage, Ishigami argues it is also necessary to consider hs due to the 
instantaneous normal loading of the vehicle on the terrain. Static sinkage can 
also be defined in terms of the vehicle weight.
W  =  rb /J —61 COS 9 d9 (7.18)
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-0
(a) Static sinkage (b) Dynamic sinkage
Figure 7.2: Stress distributions in the terrain due to static and dynamic loading
Both cases are illustrated in Figure 7.2. From the respective geometries is it 
clear that total sinkage
t^otai ~  hg T hd. (7.19)
Thus, wheel contact angle 9i can be expressed in terms of the total sinkage 
(for simplicity, it is assumed % =  Ztotai from this point forward).
6i = arccos ^1 —
7.1.5 A uxiliary thrust: Grousers
(7.20)
Grousers are solid ridges attached to the surface of a wheel or track which make 
contact with and engage additional terrain. Typically they are wide relative 
to the wheel width and narrow with respect to the wheel circumference. As 
the mobility system progresses through a deformable terrain, the grousers are 
submerged and engage more material than the wheel surface. The theory of 
passive earth pressure, introduced in Section 3.3.2, can be used to determine the 
additional thrust provided by a series of grousers of a given height, using known 
soil strength parameters. Thus it is shown by Wong [76] that the thrust generated 
by wheel grousers can be computed as follows.
Assuming a wheel with grousers of height kb is moving through a deformable 
material which allows the grousers to sink fully, the reaction force to the grouser 
thrust, Fp^  due to the driving torque can be defined by integrating the passive 
earth pressure dp to depth
Fp = b j  (Tpdz = b J  (^jzN^ +  2c^/N^^ dz.
 ^ I 2lh\N ^  +  2chb , (7.21)
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for soil weight density 7 , cohesion c, and “flow value” A^ =  tan^ (45 <j) 12).
Assuming the grousers are equally spaced the total number Ngc in contact with 
the ground can be determined after estimation of the wheel contact angle 6\. 
Therefore, the total thrust provided by Ngt equally spaced grousers of equal 
height is
Ngt ■
2tx ' ^ , (7.22)
assuming the terrain is a low-cohesion, frictional material, that the grouser 
extends across the entire wheel width and are flat plates that impart stress onto 
the terrain only normal to their face.
7.1.6 Tractive perform ance estim ation: Drawbar pull
Drawbar pull can now be estimated using the determined wheel contact angle 
based on a given set of vehicle and terrain parameters. Similarly to equation 
(7.16), drawbar pull can be expressed as the sum of each constituent stress com­
ponent and any auxiliary thrust achieved by grousers.
DP = Fgt +  rb
rOl çOm
/  ti{9) COS 9 d6-\- / 7 2 (0 ) cos0d0
Jom Jo
p9m
/ (Ji {9) sin 9 d9 d- (J2 [9) sin 9 d9 
Jorr. Jo
(7.23)
This model represents the sum of the longitudinal and normal forces which, 
once in equilibrium, equal the tractive ability -  or thrust -  assuming a radial 
contact patch at the wheel-terrain interface.
7.2 Microrover m obility estim ates using ES-3  
and SSC-2
The vehicle parameters used in the characterisation of the regolith simulants in 
Chapter 6 were selected based on the mechanical properties of the ExoMars bread­
board rover. However, the experimental parameters used in both the direct shear 
and pressure-sinkage experiments extend to the range of a smaller microrover mo­
bility system. Therefore,mobility performance estimation can be considered not 
only for a wheel of the size and loading of ExoMars, but also that of a smaller, 
less massive microrover. Such vehicles have been proposed for inclusion in plan­
etary and asteroid exploration missions in the past, offering a low cost method 
to increase the potential science return of a lander [68, 189, 190].
As discussed in Chapter 5, the ExoMars rover will use 25 cm diameter wheels 
approximately 11 cm in width. The larger PST plate of 125 mm diameter rep­
resented the approximate terrain contact patch such a wheel would produce. 
Considering the geometry of the wheels used on a microrover -  such as Sojourner 
-  the second PST plate of 50 mm diameter produces an analogous contact patch
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to the microrover mobility system. Subsequently, a test wheel of 5 cm width 
and 10 cm diameter would provide a practical wheel design suitable for use on 
microrovers.
Recreation of gravitational conditions of the lunar and martian surfaces is 
not possible without the use of a parabolic flight. Therefore, to emulate these 
conditions only the vertical wheel loading will be varied. It is assumed that 
the ignoring the effect of different values of gravity on the soil response will be 
negligible due to the low soil surcharge, as suggested by the analysis of parabolic 
flight Single Wheel Testbed (SWT) data performed by Wong [143]. As such, the 
analysis will focus on the soil deformation response. Assuming a total rover mass 
in the order of 10 to 15 kg, an appropriate analysis of terrain trafflcability for 
microrovers is possible by using the mechanical characteristics of the ES and SSC 
simulant materials.
This section will consider the computed performance of a wheel-based mobility 
system suitable for a low-mass microrover. The aim of this study is to improve the 
understanding of the effect of changes in the frictional properties of the terrain on 
microrover traction. The objective of the analysis will be to determine the effect of 
different frictional behaviours on the accuracy of tractive performance estimation. 
Firstly, terrain strength parameters are selected using the characterisation results 
obtained in Chapter 6. Secondly, the analysis of the tractive ability considers the 
effect of wheel number in maximising tractive performance while maintaining a 
stable mobility system platform. Finally, the microrover tractive performance is 
considered at a range of slip ratios given the trafflcability of frictional terrains 
analogous to the studied regoliths.
7.2.1 Soil sim ulants and terrain param eters
The terrain parameter inputs are selected from the mechanical parameters dis­
cussed in Chapter 6. These include the shear strength and shear deformation 
parameters, pressure-sinkage parameters for either the Bekker or Reece pressure- 
sinkage models, the sinkage exponent and the coefficients of maximum radial 
stress (as used in equation (7.2)). When considering the deformation responses 
identified in the characterisation tests, brittleness, normal load and relative dens­
ity were all observed to change the mechanical behaviour of the simulants. Of the 
five simulants tested, ES-3 was selected as a highly brittle material and (in lieu 
of sufficient ES-2) SSC-2 to represent a less brittle material. Relative density is 
controlled by the preparation methods discussed later in this Chapter and normal 
load with respect to the wheel parameter inputs.
It is necessary to carefully define the empirical shear deformation coefficients, 
Kw and Kr- Comparative computations will be run using both the elasto-plastic 
and brittle variants of the shear deformation model. However, both SSC-2 and 
ES-3 demonstrate a peak shear strength prior to the residual stress. As such, 
it is assumed k, = K^, allowing the computation of values from the mean peak 
stress value. Values of Kr are simply the ratio of the residual to peak stresses. 
Values for each parameter are summarised for the respective sample densities 
and normal loads in Table 7.1. The similarities seen in the values of Kw in ES-3 
indicate the brittle nature of the response at all relative densities. However, lower
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Table 7.1: Shear parameters for ES-3 and SSC-2
ES-3 
Kw (k) (mm) (-)
SSC-2 
Kyj ( ac) (mm) (-)
Low density 
Low normal stress 1.78 0.62 2.21 0.98
Medium normal stress 2.10 0.67 2.23 0.92
High normal stress 1.88 0.67 2.38 0.95
Medium density 
Low normal stress 2.03 0.53 X X
Medium normal stress 2.13 0.60 X X
High normal stress 1.67 0.57 X X
High density 
Low normal stress 1.81 0.59 1.03 0.79
Medium normal stress 2.18 0.61 1.59 0.86
High normal stress 1.09 0.62 1.54 0.86
x ;  No data available
values of Kr in higher density samples illustrate the increase in brittleness index. 
The lower brittleness of SSC-2 is seen in the respective Kr values and reinforced 
by the shift in the peak at lower densities, shown by higher K^j at low density. 
As such, ES-3 is demonstrated to show the greater desired brittleness in its shear 
deformation response than that seen in SSC-2.
Selection of pressure-sinkage parameters is somewhat more complicated as 
sinkage range, plate size and relative density must all be considered (as discussed 
in Chapter 6). For the purposes of this study the nominal wheel radius is assumed 
to be 5 cm, which also represents the maximum possible sinkage. This value 
puts the sinkage range of interest in the “pre-failure” region of the pressure- 
sinkage response. Furthermore, both the Bekker and Reece models are seen to 
produce similar curves in the pressure-sinkage analyses. As such, only the Reece 
model is included in the following study to aid clarity in the presentation of the 
performance estimate results. It is also argued that as the derivation of the Reece 
model follows from a traditional soil mechanics basis, includes a density factor 
and is sensitive to soil brittleness, its use should be given precedence over the 
older Bekker model.
Pre-failure parameters representing the Reece coefficients are shown for ES-3 
and SSC-2 in Table 7.2 for each relative density tested and both plate sizes. Also 
shown are the goodness of fit (e) values for each set of parameters that -  with the 
exception of high density ES-3 during 125 mm plate testing -  are all greater than 
84 percent. However, the parameters representing the nominal microrover wheel 
contact patch are those computed from data assuming a plate size of 50 mm. 
The lower normal loads measured during tests using the smaller plate were also 
reciprocated in smaller peak, pre-failure stresses. The result allows the selection 
of parameters which better reflect the normal deformation response and with a 
higher goodness of fit. Information describing the greater frictional strength seen 
in ES-3 PST remains intact in the higher values of k'  ^ relative to those of SSC-2.
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Table 7.2: Pressure-sinkage parameters for ES-3 and SSC-2
n
(-)
ES-3 
A4' A;;
{kPa) {N/md) (%)
n
ir)
SSC-2 
{kPa) {N/md) (%)
Low density 
50 mm plate 0.65 -4.43 1813.16 90 0.58 11.46 663.59 90
125 mm plate 0.67 -4.84 1856.02 90 0.58 11.46 663.59 95
Medium density 
50 mm plate 0.43 -1.32 2043.32 92 0.52 12.62 960.11 89
125 mm plate 0.60 1.31 2298.71 86 0.56 15.74 922.55 96
High density 
50 mm plate 0.35 -4.97 2413.16 84 0.40 32.07 1088.93 84
125 mm plate 0.35 3.02 3066.04 90 0.44 31.31 1161.51 93
7.2.2 M icrorover m obility  and w heel param eters
In general terms, study of a target terrain trafficability will consider factors in­
cluding obstacle distribution, topography and soil strength. Rover performance 
is optimised by balancing flexibility in the suspension with wheel load on the 
terrain, maximising traction while minimising resistance. Here, the loose, granu­
lar and broadly featureless terrains of the lunar mares and martian sandy plains 
are considered. While the homogeneity of such terrains is typically seen as a be­
nefit to traction estimation, its trafficability has been shown to vary considerably 
based on the mechanical loading of a rover. Selection of optimal wheel parameters 
must, therefore, consider the rover mass, individual wheel loading and suspension 
geometry. However, such deep consideration of the terrain trafficability is rarely 
seen. To select a mobility system arrangement that maximises tractive ability 
the mobility system parameters will be selected after considering the effect of 
changing normal load on the terrain trafficability.
The wheel geometry considered in this analysis represents a 10 cm diameter, 
5 cm wide wheel, forming part of the mobility system of a 15 kg microrover. The 
wheel is assumed to be of constant diameter across the width and, to improve 
the total tractive ability, includes twelve, equispaced grousers, comprised of flat 
plates 5 mm in height and with a thickness of 2 mm. Each performance analysis is 
repeated to determine individual wheel performance assuming a total wheel count 
of between two and eight. Tractive ability is estimated assuming gravitational 
accelerations of both the lunar (1.6 m/s^) and martian (3.8 m/s^) surfaces.
The analysis is performed using the drawbar pull models outlined in Section
7.2. Figure 7.3 illustrates the implementation methodology used to compute 
estimates of drawbar pull for a set of mechanical parameters describing a given 
wheel and terrain using slip ratio i  as the control variable. It is not possible to 
find a closed form solution to equations (7.16) or (7.23). Typically, a numerical 
estimation must be used to determine the respective wheel contact angles. In 
this implementation, Simpson’s rule has been used to iteratively determine an 
estimate for the wheel contact angle, 0i, to within an error margin of 10“  ^radians. 
Similar approaches are also seen in the literature [15, 188]. Input parameters 
describing the mechanical properties of the terrain and the vehicle mobility system 
are discussed in the following subsections.
To select terrain trafficability parameters to estimate the tractive ability of
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Figure 7.3: Flow process for estimation of stress distribution and drawbar pull
the microrover the stress imparted by the wheel geometry was considered. The 
parameters in Tables 7.1 and 7.2 represent the trafficability of ES-3 and SSC- 
2 under various loading conditions. Due to the size of the microrover wheel, 
only pressure-sinkage parameters computed from 50 mm diameter plate tests 
were included in the traction estimations. The normal stress used during the 
direct shear testing of ES-3 which most closely reflected that of a 15 kg rover 
was 8.70 kPa, the “low normal stress” in Table 7.1. However, SSC-2 data were 
collected using a lower range of normal stresses, 3.51 to 9.09 kPa. The most 
similar loading condition from the SSC-2 data to that used in the ES-3 tests is the 
“high normal stress” (9.09 kPa). Due to the differences in preparation techniques 
low relative density DST sample preparations were much lower density than the 
equivalent PST samples. Consequently, only the performance in medium and 
high density ES-3 and SSC-2 was considered. Mean values of SSC-2 high and 
low relative density DST values were used to estimate a set of medium relative 
density parameters.
Tractive ability was computed in both ES-3 and SSC-2 for a slip ratio range 
of 0 to 100 percent (0 < z < 1). To study the trade-off between the traction
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Figure 7.4: Predicted traction coefficients for different wheel and loading configur­
ations. SSC-2 density, dashed lines: 7  =  2.27g/cw?, solid lines: 7  =  2.35^/cm^. 
ES-3 density, dashed lines: 7  =  1.61g/cm^, solid lines 7  =  1.73p/cm^. Wheel 
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gained from the addition of wheels from the chassis design against the reduction 
in traction from the resulting lower sinkage, the wheel weight of 15 kg was evenly 
distributed across two to eight wheels (where the plots show per-wheel traction 
coefficients). The ratio of drawbar pull to wheel weight is referred to as the 
traction coefficient, Utr [76], where
DP
W '
(7.24)
The traction coefficients for a range of slip ratios using estimated drawbar pull 
values on medium and high density SSC-2 and ES-3 are shown in Figure 7.4. A 
constant increase in jj,tr as additional wheels are added is seen, with the exception 
of SSC-2 between 2 and 3 wheels. The higher trend in traction coefficient in SSC- 
2  over ES-3 also shows that this material is predicted to be more trafficable in 
general, but also more sensitive to the terrain density. This further supports the 
argument that despite the suggestion that ES-3 is more capable at supporting 
vehicle load than SSC-2 in the PST results, moderate wheel sinkage will provide 
greater tractive ability overall.
7.2.3 Trafficability effects on tractive perform ance
To examine the tractive efficiency of a microrover it is necessary to examine 
the drawbar pull at the full range of slip ratios. As the purpose of this study
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is to determine the terrain capability at supporting microrover traction, fewer 
wheels will engage the soil to the greatest extent. To ensure a feasible, stable 
mobility platform is maintained, the analysis will focus on the assumption that 
the microrover is equipped with a total of four wheels. Vertical load on the 
wheel is set to 6.0 N and 13.9 N to reflect the respective lunar and martian 
gravitational accelerations. As such, the variation in performance across the 
entire slip ratio range is presented in Figure 7.5 for a four-wheel microrover. 
Here, Medium Density SSC-2 is assumed to be 2.27 g/cm^ and High Density 2.35 
g/cm^. Medium Density ES-3 is assumed to be 1.61 g/cm^ and High Density 1.73 
g/cm^.
In this example, the shear displacement behaviour is assumed to follow the 
shear hardening response represented by equations (7.12) and (7.13). Greater 
shear displacement, represented by greater slip ratio, allows increasing thrust to 
be developed from a given terrain. Dynamic sinkage -  or slip sinkage -  results 
from the displacement of material behind the wheel and increases the resistance 
force against the motion of the wheel. The characteristic drawbar pull curve 
captures the transition between increased traction from engagement of material 
with the additional force required to overcome motion resistances. Generally, it is 
expected to see the peak drawbar pull limited by the resulting increase in sinkage.
Figure 7.5 also shows vertical lines indicating the slip ratios presenting the 
respective peaks in drawbar pull. A distinct difference is seen between the beha­
viours in ES-3 and SSC-2. In ES-3, the peak stress is similar under both lunar 
and martian loading conditions. However, the efficiency changes by approxim­
ately 15 percent under both loading conditions as relative density is changed. 
This significant difference suggests that efficiency in ES-3 is more sensitive to 
relative density than normal load. This is illustrated by the shallow gradient of 
the ES-3 plots in Figure 7.4. Conversely, in SSC-2 relative density has little effect 
on the tractive efficiency, however, the change in normal load results in a change 
of over 10 percent. If the shear deformation model is changed to the brittle- 
plastic response described by equations (7.14) and (7.15), a modest increase in 
the predicted tractive ability is predicted, shown in Figure 7.6. The reduced shear 
deformation modulus and increase in maximum peak shear stress is also reflec­
ted in the lower slip ratios at which peak drawbar pull is found. However, both 
simulants demonstrate the same difference in behaviour as in the elasto-plastic 
model.
If the sinkage response is considered, as shown in Figure 7.7, it is estimated 
to be greater in SSC-2 under equivalent conditions to that seen in ES-3, lower in 
general under lunar gravity and greater in medium relative density samples than 
high. However, both simulants show a similar pattern of sinkage as relative dens­
ity and gravitational acceleration are changed. This suggests that the different 
behaviours seen between ES-3 and SSC-2 are independent of sinkage. In ES-3 
the tractive efficiency is very similar under different normal loads, but sensitive 
to the change in relative density. Therefore, the additional thrust must be due to 
greater engagement of the material in medium density terrain. SSC-2 is not as 
sensitive to relative density, suggesting the additional contact patch area does not 
engage as much material. However, efficiency is seen to be sensitive to changes 
in the normal load. This suggests that the change in trafficability is dependent
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Figure 7.5: drawbar pull for ES-3 and SSC-2 using the elasto-plastic deformation 
models
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HD: High density.)
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upon the total engagement of the terrain. The improved strength in medium 
density ES-3 is due to the brittle nature of this material allowing the engagement 
of a greater volume of material. As SSC-2 is less brittle, the shear zone beneath 
the wheel is more planar, engages a smaller volume beneath the wheel and is, 
therefore, more sensitive to the contact area.
In both cases, the regolith deformation behaviour analyses in Chapter 6 sug­
gest that as brittleness increases sinkage is over-estimated in the pre-failure region 
of deformation. In brittle soils shear stress will be underestimated as displace­
ment moves through the peak region early in the stress response. Changes in 
terrain brittleness have been observed in simulant samples as the relative density 
is altered. Therefore, the computed drawbar pull in brittle soils is expected be 
over-predicted when compared to experimental measurements. The nature of the 
pressure-sinkage response in such materials results in under-prediction of sinkage, 
indicating the full effect of rolling resistance will not be considered. Therefore, as 
deformation reaches the limit condition, the measured trafficability is expected 
to be reduced.
7.3 M obility characterisation m ethodology
To test the accuracy of the predicted tractive abilities and efficiencies, it is neces­
sary to measure the drawbar pull generated by a nominal wheel in the simulant 
materials. A Single Wheel Testbed (SWT) provides the ability to take such 
measurements by controlling the normal load and slip ratio of a given wheel. An 
overview of the principle is shown in Figure 7.8. A frame supports a set of lin­
ear rails on which a carriage supporting a wheel is placed. A soil bin is placed 
beneath the carriage, which is driven by an inelastic drive belt and allows a con­
trolled wheel traversal rate to be maintained. The wheel is fixed to the carriage 
but able to slide vertically as sinkage increases. A wheel drive motor provides 
angular velocity, the ratio of which with the carriage traversal rate provides the 
desired slip ratio. Drawbar pull is measured using a force sensor mounted between 
the wheel axle mount and the linear slider.
For the trafficability characterisation of terrain analogues, this method allows 
similar levels of preparation control as that of the bulk soil preparation methods 
defined for PST. As with larger PST samples, the homogeneity of the simulant 
relative densities may vary with depth but will be homogeneous laterally. A con­
trolled densification method can provide reproducible relative densities. Similarly 
to the PST preparation methods, densification to controlled relative densities can 
be achieved through vibration of the entire soil sample.
Measurement and quantification of tractive ability provides a metric against 
which the analysis of terrain trafficability can be analysed for specific mobility 
systems. Undesirable perturbations and forces which may occur in a full scale, 
independent vehicle are also minimised or mitigated entirely by their removal from 
the system. Furthermore, the minimisation of the analysis to the fundamental 
interaction of mobility system and terrain removes the need for a large, full scale 
terrain analogue for testing purposes.
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7.3.1 Single W heel T estbed system  overview
A bespoke design for the SWT was developed for the purposes of the experiments 
described in this Chapter. The apparatus was constructed in the University of 
Surrey laboratory and allowed trafficability testing of the simulants SSC-2 and 
ES-3. The apparatus is optimised for small rover research, providing approx­
imately 1 m of translational distance. The continuous measurement of drawbar 
pull and sinkage displacement is captured during traction testing by a logging 
computer.
Mechanical description
The SWT concept drawing is shown in Figure 7.9. The design is comprised of 
three systems; the frame and translation rails, the carriage, and the sensor and 
data acquisition suite. The frame is constructed from 45 mm aluminium profile 
and supports the translation equipment which, in turn, supports the carriage. 
Two Igus SWM-30 CF53 steel shafts act as cylindrical rails supporting dry linear 
bearings mounted to the carriage, equal in length to the testbed frame. The linear 
bearings were selected specifically for their tolerance against dust ingestion and 
use no moving parts. The rail arrangement provides a rigid platform to support 
the mobility system apparatus (i.e. the wheel and axle) and allows for no lateral 
movement relative to the carriage. At either end of the frame are 1 cm thick 
aluminium platforms which each provide a mounting point for a keyed pulley, in 
addition to ancillary sensor equipment to provide electronic stop signals at the 
translation limits. The pulleys are notched sprockets driving a matched 12.77 mm 
pitch, 25 mm wide timing belt, removing the risk of slip when driving the carriage 
translation. A Parvalux PM60-105PG56 DC motor drives one sprocket, providing 
a torque of 17.6 Nm at 9 RPM using a gearbox reduction ratio of 168:1. The 
frame is secured to the vibration platform during operation by clamping points 
situated at each corner.
C a rr ia g e  d riv e  b e l t  L in ea r s l id e r L in ear ra ils
F o rce
C arria g e
F ra m e
W h e e l
M o to rs
Soil b in
Figure 7.8: Generic SWT schematic. The sliding components allow slip control 
and for the wheel to sink freely during a traverse test.
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(a) Single Wheel Testbed concept
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Figure 7.9: Single Wheel Testbed concept and carriage schematic
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Carriage and sensor suite
The carriage is used to support the wheel and sensor equipment as it traverses the 
test material. Shown in Figures 7.9b to 7.9e, it is comprised of linear bearings 
mounted to the testbed rails and supporting the base plate and a free-sliding 
vertical linear rail to which the wheel is attached. The vertical rail is comprised 
of a smaller CF53 steel cylindrical rail (SWM-16) and dry linear bearings, also 
provided by Igus. The vertical rail supports the two primary sensors, an Applied 
Measurements AML/IE Series Linear Variable Differential Transformer (LVDT) 
with a stroke length of ±100 mm, and an Applied Measurements triaxial force 
sensor with a load range of ±500 N in the X  and Y  axes, and -1000 N in the Z  axis. 
The vertical rail has a displacement capable of accommodating the entire LVDT 
stroke length. The force sensor is mounted to the base of the vertical rails with the 
X  axis aligned in the translational direction, Y  in the longitudinal direction and Z  
perpendicular to both, completing the reference frame. The wheel axle mounting 
is attached directly to the force sensor plate and is driven with a Maxon A-max 
“19” DC brushed motor, equipped with a gearhead providing a reduction ratio of 
876:1 and torque of up to 2 Nm. Speed control is provided by a Type M 128 OPT 
(Counts Per Turn) Encoder and LSC30/2 linear 4-Q Servoamplifier, both also 
supplied by Maxon. Figure 7.10 shows the 5 cm wide, 10 cm diameter aluminium 
wheel, including twelve equispaced aluminium grousers, 5 mm in depth and 2 
mm thick, produced to match that used in the simulations discussed in Section
7.2. The drive motor is attached directly to the wheel hub. Finally, an upright 
plate situated parallel to the upper vertical rails supports a pulley to allow the 
addition of offset masses. This is used to reduce vertical loading to match the 
wheel normal load expected under different gravitational accelerations or wheel 
configurations. The complete SWT system is shown in Figure 7.11. Specification 
sheets for the sensor hardware can be found in Appendix F.
Figure 7.10: 10 cm diameter test wheel for the Single Wheel Testbed
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Figure 7.11: Complete Single Wheel Testbed 
Control software and data logging
The complete testbed is controlled and the data logged by a computer running 
the LabView 7.1 software package. A National Instruments USB-6008 DAQ I/O  
device provides the hardware interface to the carriage drive motor and sensors. 
The desired carriage speed is set by manual voltage control and the drive motor 
speed controlled by command inputs from the computer to the LSC30/2. Sensor 
data are read into the computer and recorded in comma separated text files. The 
LabView design and front panel produced for the SWT is shown in Figure 7.12. 
Force and sinkage data are shown in real time as it is captured from the sensors. 
Drive motor speed is maintained at a constant rate and the carriage motor speed 
is selected manually to define the desired slip ratio. The translation speed was 
selected based on the typically low velocities used for flight and research planetary 
rovers, a selection of which are summarised in Table 7.3. A maximum speed of 
5 cm/s and slip ratios of 0 to 100 percent are available with the selected drive 
and carriage motors. With the 10 cm diameter testbed wheel equipped with 12 
grousers, the selected rotational speed of 5 cm/s will product a natural frequency 
of force peaks at approximately 1.9 Hz.
Sensor calibration and expected error margins
Calibration data for the LVDT, force sensor and power supply used to control 
carriage relational speed were used to determine the expected error margins when 
performing the single wheel tests. The calibration data in Appendix H show the 
LVDT and force sensor to provide very precise, linear responses. Moreover, the 
wheel speed was maintained at a constant rate for all runs, controlled by the
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Figure 7.12: LabView software control and data logger for the SWT
202
7.3. MOBILITY CHARACTERISATION METHODOLOGY
Table 7.3: Typical rover velocities
Microrover Max. velocity (cm/s)
Sojourner [43] <1
Muses-CN [191] 0.15
MER (Spirit/Opportunity) [45] <5
MSL (Curiosity) [192] 4
ExoMars rover [193] <3
Maxon LSC30/2 motor controller. Therefore the dominant experimental error 
will emerge from the manual control used to manage the carriage speed.
An analogue dial was used to select carriage speed using the manual voltage 
control on a bench top power supply. 24 V input is required to drive the motor 
at full speed. Slip ratios of 0%, 25%, 50% and 75% were obtained by selection 
of 6, 12, 18 and 24 V respectively. However, while every effort was made to 
precisely match the required voltages the power supply volt meter only provided 
a resolution of 2 V/div. Therefore, the selected voltage precision cannot be any 
better than ±  2 V. The result is a possible slip ratio of 8% greater or lower than 
the desired rate. Table 7.4 summarises the worst case slip ratios due to voltage 
variance on the carriage power supply.
7.3.2 Terrain analogue preparation at controlled relative  
densities
The aim of a calibrated preparation method is to provide a series of regolith 
analogue sample preparations with a high confidence of repeated, quantified rel­
ative densities. As such, the methods must be considered in two stages. Firstly, 
samples must be prepared at a relative density with minimal variation between 
arbitrary surface points. Secondly, the resulting surface must be levelled, relat­
ive to a fixed reference point, to allow easy measurement of the vehicle sinkage 
during traversal. To aid in achieving these objectives, the following two methods 
utilise the same approach as that used in the mechanical characterisation of the 
simulants for PST, where bulk samples prepared in a loose state are vibrated to 
increase relative density.
Medium relative density sample preparation
Preparations utilise a large soil bin, providing a volume of 1.50 m length, 0.70 m 
width and 0.35 m depth. The soil bin dimensions are large enough both laterally 
and vertically to minimise boundary effects. Moreover, the larger surface area 
provided by the soil bin is more suited to traction performance testing, rather
Table 7.4: Slip ratio error due to power supply variation
Desired Yin Slip ratio Yin ~ 2 (%) Slip ratio Yin (%) Slip ratio Yin +  2 (%)
24 8 0 -8
18 33 25 17
12 58 50 42
6 83 75 67
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than the deeper, but smaller surface area provided by the drums used in PST.
Soil samples were prepared using a manual filling and levelling method. An 
initial simulant sample is prepared in a series of 5 cm increments in the soil 
container. Each layer is poured evenly over the sample surface and raked evenly 
along the length of the soil bin, where consistent strokes provide a homogeneous 
soil structure of low to medium relative density. The after the final layer is laid, 
it is levelled with a fiat edge using the soil bin rim as a guide. The levelling 
process provides a pristine, fiat surface 0.205 m in depth. Subsequent sampies 
were prepared using the rake to disturb the top 0.10 m of simuiant and then 
re-ieveiied in the same way as the initiai sampies. The générai principie of this 
method shares some simiiarities with sampies prepared by the repeated piuvation 
of thin iayers, simiiar to those described in [83] and [165]. As the iayering effect 
of piuvation resuits in such shaiiow iayers, the adaptation used here provides a 
continuum in each iayer of simiiar depth to the wheei radius. Whiie this method 
does not enjoy the precision of a piuvation device, it does aiiow for thicker iayers 
to be prepared. As a resuit, the proposed wheei design, with a radius of 5 cm, wiii 
be iess iikeiy to encounter inhomogeneities in the soii structure due to passing 
through iayer boundaries.
Sample densification
Medium reiative density sampies are densified using an adapted version of the 
vibration piatform shown in Figure 5.15b. An identicai motor and off-set mass- 
cam is used, mounted to a iarger steei piate 1 m in width by 2 m in iength, to 
which the soii bin is fixed. The soii bin and vibration piatform are shown in 
Figure 7.13a. High reiative density sampies were prepared using medium reiative 
density sampies and activating the vibration motor for 60 seconds. Measurement 
of the sampie densities used a voiumetric technique assuming a bin voiume of 
0.213 m^, where the maximum sampie height is 0.205 m, iimited by the height of 
the ieveiiing edge, and after subtracting the voiume of the 44 mm square support 
beam in each corner. The totai mass of each simuiant required to produce a 
medium reiative density sampie at this ievei was recorded. After vibration the 
change in voiume was measured using the drop in soii ievei, providing measure­
ments for the high reiative density sampies. A series of caiibration runs were 
compieted to demonstrate a change in reiative density was possibie, an exampie 
of which is shown in Figure 7.13b, and to quantify the extent to which density 
increased. The reiative density measurement resuits are summarised in Tabie 7.5.
7.4 Microrover m obility performance experim ental 
results
Smaii sampies of SSC-2 and ES-3 were taken from the simuiant suppiy used in the 
testbed and the moisture content determined using the same method as described 
in Section 4.4. During the period the tests were taking piace, the iaboratory had 
an average temperature of 17° C and average humidity of 35 percent. Moisture 
content resuits for SSC-2 and ES-3 are shown in Tabie 7.6 and show negiigibie
204
7.4. MICROROVER MOBILITY PERFORMANCE EXPERIMENTAL RESULTS
Simulant
Soil bin
Vibration
platform
Cam-motor
drive
Frame lock 
clip
(a) Soil bin and vibration platform
Sample level before vibration
Approx. 6 mm
Sample level after vibration
(b) Overlay image showing soil bin sample level before and 
after 60 seconds of vibration
Figure 7.13; Sample densification apparatus and results for traction testing
moisture content. As such, the results confirmed that the materials can be con­
sidered as dry. As with all experiments concerning the simulants, to minimise 
variation of the moisture content through ambient humidity all materials were 
stored in sealed steel drums when not in use.
In each traction test the SWT was used to measure sinkage and drawbar pull 
of the test wheel. Each test was repeated two times in samples of ES-3 and 
SSC-2. Samples of ES-3 were prepared at medium and high densities of 1.69 and 
1.72 g/cm^, respectively. Samples of SSC-2 were prepared at medium and high 
densities of 2.33 and 2.35 g/cm^ respectively. Data was collected and recorded 
by means of the control computer and processed offline using MATLAB. Wheel 
speed was kept at 5 cm/s in all driven tests and translational speed controlled by 
the carriage drive motor.
Thrust was measured at three slip ratio increments of 25 percent, starting at 
0 percent. The selected grouser spacing was not expected to result in the shear 
planes, as defined by the Rankine zones, interfering with the preceding grouser.
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Table 7.5: Density measurements for SSC-2 and ES-3 in the traction test soil bin
Medium density 
{g/cm^)
High density 
{g/cm^)
ES-3
Density 1.69 1.72
Void ratio (e) 0.54 0.51
Density 74 84
SSC-2
Density 2.33 2.35
Void ratio (e) 0.35 0.34
Density 86 90
Table 7.6: Average moisture content of simulants SSC-1 and SSC-2
Moisture content (%)
SSC-2
Moisture 0.122
Std. dev. 0.001
ES-3
Moisture 0.200
Std. dev. 0.001
As such, the additional two 5 mm lengths added to the wheel diameter due to 
the grousers was not considered when computing the slip ratio.
Normal loads were selected to replicate those used in the performance estim­
ations from Section 7.2, providing wheel loads equal to that of a 4-wheel, 15 kg 
microrover. Masses of 3.5 kg and 2.5 kg were used to offset the normal load of 
the vertical rails and the equipment they supported to the lunar and martian 
weights, respectively.
The nature of the grouser interaction with the terrain resulted in a sinusoidal 
force response. To determine an average value of drawbar pull, a sample of 
each data set was manually selected from the steady state thrust between the 
initial and final increases of thrust resulting from the ramp up and down times 
of the carriage speed. A Root Mean Square (RMS) routine was used to find a 
representative value of thrust for each test using these data.
7.4.1 Terrain deform ation effects on trafRcability
The measured drawbar pull curves are shown in Figure 7.14. The low number of 
repeat runs and imprecision in the testbed speed control of the carriage, as noted 
in Section 7.3.1, results in data that must be considered after careful examination 
of its repeatability. To estimate wheel speed the peak-to-peak time was measured 
from the raw data, where each peak represented contact between grouser and soil. 
As wheel speed was constant across all test conditions (targeted at 5 cm/s) the 
mean sinusoidal period was expected to be constant in all data.
The mean peak-to-peak period was measured as 0.48 s (with a standard de­
viation of 0.05 s). The wheel was equipped with three grousers giving a wheel 
revolution rate of 5.52 s/revolution. The 10 cm diameter wheel has a circumfer­
ence of 31.41 cm, therefore, the estimated wheel speed from the measured data 
is between 4.94 and 6.08 cm/s. With a mean of 5.45 cm/s this is approximately
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Figure 7.14: Drawbar pull of a low mass microrover in SSC-2 and ES-3 at various 
densities
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Figure 7.15: Measured wheel sinkage in ES-3 and SSC-2. * (MD: Medium density; 
HD: High density.)
0.45 cm/s above the target rate of 5 cm/s.
No direct method of carriage speed estimation is possible from the available 
data. However, a number of photographs of the soil deformation pattern were 
taken during the experiments with a ruler also in-shot. To obtain a crude estimate 
of the actual slip rate the spacing of the grouser marks in these photographs 
was measured (manually) and slip ratio estimated against the actual grouser 
spacing of 2.6 cm around the wheel rim. These results indicate slip ratio did vary 
significantly, as predicted in Table 7.4. The horizontal error bars marked on the 
plots in Figure 7.14 indicate the estimated range of slip ratios. The vertical error 
bars indicate the range of the measured drawbar pull thrust.
Considering the trends that are observed in these data, it is clearly demon­
strated that the Wong method for predicting the shear deformation response of 
brittle materials, as presented in Section 3.2.4, is not applicable in this context. 
Moreover, the elasto-plastic model also consistently showed an over-prediction 
of drawbar pull. The magnitude of the discrepancy is greatest in the initial 25 
percent of slip ratio. The result of this is important as the over-prediction is 
reciprocated in the estimates through the remaining 75 percent, producing fur­
ther over-prediction in tractive ability. Following the discussion in Section 7.2.3, 
this would suggest the actual sinkage is either much lower or much higher than 
predicted.
Examination of the measured sinkage, shown in Figure 7.15, demonstrates 
that it is, in fact, the latter case. An exponential increase in sinkage is seen, of 
similar magnitude to that predicted at low slip ratios in Figure 7.7 but quickly 
rising to a depth which is of much greater magnitude than that predicted at high 
slip ratios. Therefore, as expected, the rolling resistance is much greater than 
that predicted by the drawbar pull models as used in Section 7.2.
One indication of this result is that the models as used do not adequately 
incorporate sinkage due to soil displacement as slip ratio increases. The increased
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sinkage results in the tractive ability of the wheel quickly moving past the point 
of peak efficiency, reducing drawbar pull as a result of the significant increase in 
rolling resistance forces from the terrain. Furthermore, slip sinkage appears to 
mitigate or indeed reverse the predicted greater relative sinkage in lower relative 
density samples. The expected differences between both the simulants and the 
densities do not manifest in the way suggested by the radial stress model. Sinkage 
in ES-3 is greater than SSC-2 under the higher wheel loading conditions used 
to simulate martian gravitational conditions, the reverse of that predicted. In 
medium relative density samples of both simulants under the lower wheel loading 
conditions used to simulate lunar gravitational conditions the expected greater 
sinkage than that in high relative density samples is seen, however, the reverse is 
the case when the higher wheel loading is used.
Considering the effects of soil brittleness, drawbar pull in ES-3 does show 
greater sensitivity at slip ratios of up to 25 percent. Despite lower shear strength 
in ES-3 than SSC-2, a less negative response is observed in the initial stages of 
the drawbar pull curve, suggesting the addition of brittle strength to the overall 
thrust generated by the wheel. The benefit of this deformation behaviour is seen 
at higher slip ratios, where the discrepancy between the estimated and measured 
drawbar pull in ES-3 is smaller than that in SSC-2. Such behaviour also follows 
the assumption that the higher brittleness of ES-3 to that seen in SSC-2 results 
in the engagement of a greater volume of the soil at the wheel-terrain interface. 
Should this be the case, the disturbance to the terrain would result in the dis­
placement of a greater volume of material than in a less brittle soil, increasing 
the sinkage due to slip.
7.4.2 M icrorover tractive perform ance on ES-3 and SSC-2
It is evident in this particular example, therefore, that the similar sinkages seen 
in ES-3 and SSC-2 result in a difference in trafficability which is dependent on 
the direct comparison of the respective shear strengths and bearing capacities. 
SSC-2 has greater shear strength and lower bearing capacity than that measured 
in ES-3, resulting in the slight improvement in drawbar pull over that seen in 
ES-3. When considering the magnitudes of the drawbar pull measurements, both 
ES-3 and SSC-2 were found to support tractive efforts of between -7 and 5 N. 
Although the respective thrusts are similar in both simulants, it is SSC-2 which 
allows the wheel to develop greater peak tractive effort. Tractive ability in SSC-2 
and under lunar gravitational conditions in ES-3 support the expected result that 
medium relative density preparations should be more trafficable than high relative 
density. However, the difference in sinkage is subject to significant variation from 
that predicted due to the slip sinkage.
Although inaccurate, the deformation responses seen in the net drawbar pull 
estimates do follow those seen in the experimental results. Drawbar pull in ES-3 
tends to an almost continuous value under a 50 percent slip ratio and in SSC- 
2 a peak is seen at a 50 percent slip ratio. Therefore, sufficient thrust can be 
generated in both ES-3 and SSC-2 by a low mass, wheeled microrover to traverse 
such materials. The results also suggest that by lowering the contact pressure 
slip sinkage is reduced. In the experimental results, the sinkage magnitude was
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reduced in this way from approximately 33 percent of the wheel radius to under 
20 percent. A greater reduction in sinkage is seen in the same way in ES-3. In 
both cases, however, the contact patch is minimised which reduces the thrust 
relative to that seen in the higher weight scenarios.
The purpose of this experiment was to study the effect of the soil behaviours 
identified in Chapter 6 during wheel traction experiments. However, it is also 
important to consider the accuracy of the experimental process used to collect 
these data using the SWT. In particular as only two repeats were performed for 
each parameter configuration of load, slip ratio, soil and density.
The data shown in Appendix I and discussed above demonstrate the sensit­
ivity of this type of experiment to procedural error. It is clear that an inherent 
procedural variation in the data exists. This is particularly apparent in the force 
oscillations due to the use of grousers and accurate control of carriage speed. As 
discussed above, the addition of control software to manage the speed of the car­
riage relative to the wheel motor speed is one potential solution to this limitation 
in the apparatus.
7.4.3 C onsiderations for future m icrorover designs
This conclusion raises the interesting suggestion that a target terrain comprised 
of highly frictional materials would be most trafficable to vehicles that maximise 
the contact patch with the aim to reduce sinkage. This might indicate that the 
mechanism of a tracked microrover or even a fiexible-rim wheel would provide 
better tractive ability than the rigid wheel considered above.
The additional contact area would maximise the thrust generated from the 
terrain while minimising the contact pressure for a given vehicle mass. The re­
duced sinkage of such a system is clearly beneficial to its tractive ability. Utilisa­
tion of a tracked mobility system does raise the issue of mechanical complexity. 
The system is inherently more massive and suffers greater friction due to the 
high number of mechanical parts. This would suggest the requirement for drive 
motors of higher torque (or slower translation speed through a higher gear ratio). 
Nevertheless, the use of tracked rovers should remain an option when considering 
future design approaches.
A flexible wheel approach would provide an attractive tradeoff between max­
imising the contact patch to improve the net thrust to sinkage ratio, at the cost 
of reducing the total area of the contact patch. A limited implementation of this 
mobility type has been implemented on the MSL rover, with wheels providing 
minimal flexibility, primarily to reduce the instantaneous shock when impacting 
the ground after surmounting an obstacle. NASA experiences with this techno­
logy are providing useful insight into the practicalities of the use of this wheel 
type, however, in particular in relation to the durability of the wheel surface ma­
terial. After approximately a year in service, MSL is already seeing tears and 
holes punched into the wheel surface where it has traversed over sharp rocks 
[194]. This observation will be important when considering the final design of the 
flexible wheel intended for use on the ExoMars rover.
The shear responses seen in both SSC-2 and ES-3 have shown terrains such as 
these to remain trafficable to wheeled microrover mobility systems when sinkage is
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low relative to the wheel radius. As such, the simplicity of wheel mobility systems 
ensure they remain the option of preference, where possible. However, the flexible 
wheel concept, as used on ExoMars, may present a useful trade-off between the 
mechanical simplicity of a wheel and the tractive capability of a track. It would 
be an interesting exercise for future researchers to perform similar experiments 
with mobility systems of such complexity.
7.5 Conclusions
The estimation of microrover tractive ability has been challenging in the past 
when applying typical terramechanics methods to these small vehicles. Using 
a small, wheeled microrover as an example, this Chapter has demonstrated how 
using a deep understanding of the characteristics of regolith-like materials can aid 
in understanding where the limitations in accuracy lie. The results have shown 
that the general response of the microrover’s tractive ability across a full range 
of slip ratios can be predicted when using soil parameters “tuned” to the specific 
deformation conditions. Furthermore, the response is sensitive to the brittleness 
of a given terrain, where more brittle materials provide a more linear response 
at higher slip ratios. Conversely, materials of low brittleness produce a peak in 
performance which reduces as slip ratio increases.
Deeper examination of the results highlight a further issue in the estimation 
of small vehicle performance when considering frictional materials. The effect of 
slip sinkage remains a considerable contributor to the total wheel sinkage. When 
considered in terms of normal and shear stress resolution, the sinkage estimate 
remains relatively linear and of low gradient. However, the effect of slip sinkage 
results in an exponential increase in sinkage as slip ratio increases. The under­
standing in this area of soil deformation remains open for further examination. 
However, the experimental data do suggest the effect of soil brittleness remains 
an influential factor on the extent of the slip sinkage, as the effect was of a lower 
magnitude in less brittle material.
Finally, the tractive performance on regolith-like materials presents two en­
couraging results in terms of the future of microrover mobility systems. Max­
imising the volume of soil engaged by a mobility system has been shown as a 
critical factor in developing drawbar pull and, unlike other studies, the effect of 
the mechanical response of the soil has also been considered. Therefore, it can 
be said with some confidence that a tracked microrover will likely benefit con­
siderably from the identified mechanics of the regolith simulants developed for 
this study. In particular, where sinkage is expected to be low, either through a 
low vehicle weight or in terrains of greater strength, a tracked microrover maxim­
ises the contact area at the vehicle-terrain interface. Moreover, when considering 
the tractive ability of a wheel, an optimal sinkage exists which maximises draw­
bar pull. This value will depend as much on the geometry of the wheel as the 
mechanics of the soil.
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Chapter 8 
Conclusions
8.1 K ey research outputs
The aims of this research were to study the tractive performance of planetary 
rovers when traversing loose regoliths. The motivation for this work was to 
provide a better understanding of the environment in which such rovers would 
be expected to operate. The achieve this, a detailed study of the mechanical 
characteristics of loose frictional materials was performed.
8.1.1 Environm ental conditions
The initial contribution from this work has been in identifying appropriate en­
vironmental analogues, based on the use of materials with characteristics similar 
to those of specific martian regolith classifications. These classifications are pro­
posed based on a study of data taken from in-situ analyses of martian and lunar 
regoliths by various landers, rovers and people whom have visited these locations.
On examination of the literature, it was shown that lunar regolith is of relat­
ively uniform grading in the upper tens of centimetres on the surface. However, 
more coarse gradings are sometimes seen where upper surface layers have been 
displaced. Martian regoliths exist in a much more dynamic setting due to at­
mospheric weathering effects. As such, fine aeolian sands are seen widely across 
the martian surface. Additionally, fine dust is found in deep deposits behind 
ledges, rocks and other wind shadows. Finally, coarse material is often exposed, 
particularly on drift edges, where aeolian sands have been displaced by the wind.
By classifying these materials with respect to their particle size distributions, 
it is shown that regolith analogues can be selected from terrestrial sources, based 
on commercially available aggregates. The resulting soil simulants, ES-1, ES-2 
and ES-3, have been carefully characterised in terms of the microscopic, phys­
ical parameters; including shape, grading, and specific gravity. As such, these 
materials have been incorporated into the catalogue of simulants for use in the 
ExoMars rover testbed.
8.1.2 M aterial characteristics
The primary assumption challenged in this thesis was that regoliths will fail under 
shear and normal loading with an elasto-plastic nature. To further examine this
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property, two additional characteristics are considered when examining deforma­
tion behaviour of the soil simulant materials; the soil density and the brittleness 
due to inter-particle interlocking.
Frictional soils are known to support a range of relative densities. It is shown 
that this property is true of the soil simulants ES-1, ES-2 and ES-3 and that a 
series of methodologies allow the repeatable preparation of soil samples at specific 
densities. Of the several methods considered, pouring from a controlled height 
and vibration for specific time intervals produced soil samples of under 1 kg and 
over 300 kg.
Two experimental methods adapted from the literature allowed the charac­
terisation of the the simulant materials to be measured. These are based on the 
standard DST and an adaptation of the PST methods as developed by Bekker 
and Wong. These experiments demonstrated the reducing effect on frictional soil 
strength as density is lowered under loads analogous to those of lower mass rovers. 
Furthermore, the resolution of the measurements shows the effect of brittleness 
in frictional soils on the shear and normal load bearing capacities.
This unique behaviour is often negated in soil characterisation practises where 
more standard applications are considered, for instance in large agricultural or 
military vehicles, or when studying wall or foundation bearing capacities. Such 
transitional behaviours offer negligible effect on soil failure response at the deform­
ation limit condition. However, the methodology used in this thesis demonstrates 
those same characteristics in soil failure do apply as the lower limit condition of 
the terrain loading is approached. This is the case when considering small, plan­
etary rovers.
8.1 .3  Tractive perform ance prediction
Finally, a method for selection of mechanical parameters is shown that incor­
porates the effects of both relative density and brittleness. The parameters are 
shown to have better goodness of fit to measured pressure-sinkage curves when 
pre- and post-failure behaviours are considered independently. In particular, the 
increase in soil grading is shown to relate to the brittleness of the soil sample.
This approach differs from the standard Bekker-Wong approach by considering 
the effect of brittleness and density on terrain strength. The result is more precise 
selection of the soil parameters that incorporate information on these additional 
characteristics of frictional soils. These revised soil parameters are applied in a 
relatively simple terramechanics model for the estimation of drawbar pull. The 
presented experiments using a SWT allow the effect of differences in brittleness 
and relative density to be examined.
The SWT results show that considering brittle shear failure does not improve 
the accuracy with which tractive performance can be predicted. This correlates 
with DST results which indicate the residual strength of ES-3 was not sensitive to 
initial sample density and SSC-2 was likely at a limit condition in the DST data 
shown in Chapter 2. Two important points are drawn from these results; the 
SSC-2 limit condition quickly dispersed when exposed to rover-like loading and 
precision in the SWT will need further improvement for future efforts to measure 
such effects.
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Brittle normal failure was demonstrated to have a more significant effect in 
over-predicting tractive ability. However, the experiments highlight the import­
ance of considering the magnitude of the slip-sinkage. The large under-prediction 
of sinkage by the standard terramechanics model for drawbar pull is shown to 
result in an over-prediction of performance. Whereas the much larger measured 
sinkage will result in considerable rolling resistance, reducing terrain trafficability.
8.2 Research novelty
Considering the above research outputs, the proposed novelty in this research can 
be categorised as follows:
• Environmental conditions
— The selection of regolith soil simulants using soil grading and classific­
ation by microscopic, physical parameters
•  Material characteristics
— Preparation of soil simulants for small and large scale samples to con­
trol soil density
— Characterisation of effects of soil density and brittleness in both normal 
and shear stress conditions analogous to vehicle-terrain interaction
• Tractive performance prediction
— Presentation of new interpretation of regolith parameter selection in­
corporating the effects of brittleness and non-elasto-plastic behaviours 
in terrain trafficability
— Demonstration of the change in vehicle tractive ability as a function 
of soil density and brittleness
— Demonstration of the effect of volume of engagement in a soil on the 
tractive ability of microrovers
8.3 Conclusions
The question posed at the end of Chapter 3 asked why accurate estimation 
of tractive performance is challenging when considering low mass vehicles on 
regolith-like materials. Following the examination of the principles of the theory 
of terramechanics and after considering the soil mechanics of frictional soils, it 
was posited that trafficability analyses of terrain lack the information necessary 
to fully characterise the strength of regolith. Furthermore, it was argued that 
different deformation behaviours exhibited by frictional soils due to differences 
in soil density were responsible for responses not currently considered in tractive 
performance estimates.
The characterisation tests have revealed that soil deformation behaviour in 
frictional materials does vary as density is changed. While typical test meth­
odologies have been used to arrive at this conclusion, focusing their execution
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on the application to low-mass rovers, such as ExoMars or smaller, allowed the 
characterisation of brittleness in the soil materials used.
This suggests that the assumption of a quasi-static force system and a soil 
reflecting a continuum material is not accurate enough for the estimation of small 
and microrover tractive ability. Frictional soils are comprised of discrete elements 
-  particles -  and the analysis of their strength and deformation responses must 
additionally consider these mechanics on top of those based in homogeneous ma­
terial stress analysis. Microscopic properties of the soil particles, including shape, 
density, size and grading are seen to affect the macroscopic level properties of 
strength, particularly in the resulting effect on soil brittleness.
However, challenges still remain in the accurate replication of in-situ proper­
ties, particularly in sample homogeneity and relative density. If the preparation 
method for relative density of large soil samples is examined carefully, the ap­
proach used in this thesis has only allowed the control of three densities. Prepar­
ing further density values may not be as simple to achieve. Homogeneity has also 
been questioned, as demonstrated by the resin impregnation method, although 
the low sinkage seen in the SWT may minimise the impact of this variation 
between samples.
The characterisation of soil samples prepared using the proposed methods 
must, therefore, consider the error due to variation in sample properties. This 
is of particular importance to more brittle materials, where sudden failures were 
observed in ES-3. A more detailed study of the inter-particle force-chains would 
enable better understanding of this behaviour. Furthermore, it would provide a 
strong basis for a numerical modelling study to examine the model response and 
relate it to experimentally observed behaviours.
These considerations also apply when translating the measured parameters to 
the SWT soil bin. The container was of a shape not well suited to the pouring 
method used for PST sample preparation. Therefore, a best effort was made to 
relate the appropriate soil properties to samples prepared in the bin, based on the 
analysis of densities obtained in Chapter 5. This reflects the most likely source 
of error in the measured tractive performance. Upgrading the SWT apparatus to 
enable in-line shear and pressure-sinkage testing (e.g. using a Bevameter) would 
enable end-to-end soil characterisation and trafficability testing.
It must also be noted that only two replicants of the SWT experiments were 
run for each combination of wheel load, density, slip and simulant. Therefore, 
the absolute values measured during these experiments must be validated against 
further runs if they are to be used as part of any future work. However, the narrow 
range and consistency with the general trends identified in the modelled response 
do suggest the preparation and thrust measurement processes are suitable in 
principle. Further work will be required to better characterise the soil density 
and to develop an improved controller to maintain a consistent carriage speed.
Despite these limitations, the results of characterisation tests have revealed 
elasto-plastic behaviour is increasingly inaccurate as brittleness increases. Fur­
thermore, the brittleness of the material is also shown to depend on the macro­
scopic and microscopic properties of the soil. This has demonstrated the effect 
that the volume of soil engaged by a wheel, or track, during deformation of the 
terrain can have on the stress response.
216
8.4. FUTURE WORK
However, the implication of this conclusion is that slip-sinkage, not considered 
in the drawbar pull models used in Chapter 7, will become increasingly more 
detrimental to tractive performance. Increased sinkage leads to greater rolling 
resistance and a simple model for soil strength after failure, such as the Mohr- 
Coulomb criterion, does not fully capture this effect.
8.4 Future work
The principles of terramechanics have remained successful in the decades since 
their formulation through their application in massive vehicles. These results are 
founded in the insightful observation of the plasticity of soils, particularly cohes­
ive terrains that are widely applicable to military and agricultural applications. 
However, as vehicle mass is scaled down and when considering frictional mater­
ials, the limit conditions of low loading develop and present new challenges in 
accurately predicting rover performance.
Understanding the general principles of terrain deformation for in-situ, empir­
ical estimations of trafficability has been demonstrated in this thesis but with sev­
eral important caveats. The sample preparation methods, developed to provide 
test samples of various densities, will benefit from further study to determine 
whether they are suitable for providing more than the three discussed in Chapter 
5. Such a methodology would allow more accurate replication of the character­
isation samples when using the SWT soil bin.
Alternatively, the development of new preparation methods based on those 
discussed for PST would enable similar capabilities for samples used in SWT ex­
periments. Further development of the relatively simple SWT apparatus, as used 
in Chapter 7, would benefit for significant overhaul to mitigate the inaccuracies 
identified in the speed control of the carriage. A software feedback controller 
would provide a simple solution to more repeatable control of the wheel slip ratio 
between runs. Furthermore, a “built-in” Bevameter would provide in-situ soil 
parameters and mitigate the need for separate soil characterisation tests.
Each of the opportunities to further develop the experimental work presented 
in this thesis will provide useful contributions to the European Union Framework 
Pattern 7 project “FASTER”, that aims to address the problem of predicting 
loose regolith trafficability. Building on the results presented above, the project 
aims to develop and deliver new sensors and instruments suitable for integration 
onto a microrover, with the goal of quickly assessing terrain trafficability for 
companion rover platforms.
Finally, the results of this research have demonstrated that in continuing to 
develop the understanding of rover-regolith interaction it is necessary to consider 
the fundamental interaction of frictional materials at the particulate level. This 
has been demonstrated in the sensitivity of frictional soil brittleness to relative 
density, a property that clearly affects terrain trafficability and presents further, 
less understood responses.
Specifically, future development of terramechanics for small rovers would be­
nefit significantly from the study of inter-particle interactions. The extremes of 
soil grading were shown to result in very different behaviours. The very fine ES-1 
was shown to respond to Van der Waals forces, whereas the very coarse ES-3
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produced deep inter-particle force chains.
These behaviours are not captured in standard constitutive models such as 
the Mohr-Coulomb failure criterion used in this thesis. Alternative methods exist 
which do attempt to model such behaviours, with the most promising results 
currently in discrete element modelling approaches. However, this method is 
particularly limited by the magnitude of the scale of simulation required even 
for the smallest of samples. Accurate models of the physical interactions at the 
particle scale remain elusive.
Future contributions to describing the fundamental physics of particle-particle 
interaction to describe properties such as brittle strength, volumetric changes 
and soil dilation will allow the improvement of the more traditional approaches 
in constitutive models of soil strength. Such solutions are important in both 
furthering the understanding of frictional soil mechanics and in the application 
of new methods to terramechanics.
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A.I. GMA 350 GARNET
A .l  GM A 350 Garnet
G M A  G a r n e t
Quality Processed Garnet
Fine P roduct Data S heet
Averaae Chemical ComDositlon (TvDical) Minerai Composition (TvDical)
S i0 2  *............................................................................34% G a rn e t (A lm a n d ite ) ........................... ..................  97 -98%
A I 2 0 3 ...........................................................................19% Ilm e n ite ................................................... ..................  <2%
F e O ..............................................................................32% Q u a rtz  (free  silica).............................. .................  <0 .5%
F e 2 0 3 ......................................................................... 3% O t h e r s ..................................................... ................  <2%
T i 0 2 .............................................................................  1%
M n O .............................................................................  1% Product Ranae fTvoicai Sizino)
C a O .............................................................................  2%
M gO ...............................................................................  6% U S SIEV E GMA 2 0 0  GMA 3 50
m e sh  m icro n s typical cumulative wt%
* R efe rs  to  S iO ; bound within th e  lattice of the retained
h o m o g e n e o u s  g a rn e t  crysta l (no t fre e  silica) 8 0  180
10 0  150 0 .2
Physical Characteristics (TvDical) 12 0  125 8
1 40  106 30
Bulk D e n s ity ............................................  2-2.2T/m® 17 0  9 0 6 0  1
Specific  G r a v i ty .......................................................  4,1 2 0 0  75 8 5  5
H a rd n e ss  ( m o h ) ......................................... 7 .5 0 -8 .0 2 3 0  6 3 97 2 5
M elting P o in t ....................................................  1250°C 2 7 0  5 3 99 50
S h a p e  of g r a in s .............................  a n g u la r  - sh a rp 32 5  4 5 100 7 5
Other Characteristics (TvDical) Standard Packina
R adioactivity  ..N o t d e te c ta b le  a b o v e  b ac k g ro u n d * 8 0  X  25kg  p a p e r  b a g s  sh rinkvw apped on  2  MT p alle ts
M oisture A b s o rp tio n .........N on-hydroscop ic , Inert * 8 0  X 25kg  p a p e r  b a g s  p a c k e d  in 2  MT bulk b a g s
T otal C h lo r id e s .............................................. <0.005% * 2 ,0 0 0 k g  to p  a n d  bo ttom  s p o u te d  bulk b a g s
w ith in ternal PV C liner, o r
* O th e r  p ac k in g  o n  re q u e s t.
The information set forth herein is based on technical data believed to be indicative; it is intended for use by 
persons having technical skills and at their ovm discretion and risk. Since conditions of use are outside our 
control, the GMA Garnet Group makes no warranties, express or implied concerning the use or disposal of 
this and assumes no liability in connection with use of this information.
GMA GARNET (EUROPE) G m bH , H a m b u rg  - G e rm a n y
email: info@gma-gamet.de ; Tel: +49 40 301409
www.GARNETsales.com
Figure A.l: GMA 350 Garnet information sheet
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A.2. NEPHELINE SYENITE STJERN0Y S4-S10
A.2 Nepheline Syenite Stjernpy 84—SIO
TECHNICAL DATA m i n c x
FUNCTIONAL FILLERS AND EXTENDERS
FEATURES AND BENEFITS STJERNOY, NORWAY
MINEX® micronlsed functional fillers and extenders are proven performance enhancers in a broad range of 
paints, coatings, adhesives, sealants, and inks. Excellent brightness, tint retention, and weatherability can 
be achieved in exterior paints. Improved colour, sheen uniformity, chemical and stain resistance, and 
durability result when MINEX is used in interior paint formulations. MINEX is easily dispersed in all 
conventional vehicle system s, and low oil absorption permits high loadings in adhesives, sealants, and 
aqueous and alkyd based paints. Multiple grades are available to provide optimal performance in a variety 
of applications. Whiie the preferred MINEX product is application dependent, coarser grades, such as 
MINEX S4, offer cost effective gloss and sheen control and can add texture. The intermediate grade MINEX 
S6 offers application versatility for a wide range of architectural and industrial uses. Finer MINEX grades 
are ideally suited for higher gloss coatings and are also the preferred choice for powder and clear paint 
systems.
MINEX® fillers are produced from nepheline syenite; a naturally occurring, silica deficient, sodium- 
potassium alumina silicate. Automated scanning electron microscopy confirms that MINEX contains iess  
than one-tenth of one percent crystalline silica. No free crystalline silica is detectable In the mineral 
complex. All MINEX S grades are processed and sized with rigid adherence to ISO 9001:2000 quality 
assurance programs. Consistently uniform chemistries, size distributions, and top size controls ensure 
improved structural and chemical performance with minimal resin demand.
PARTICLE SIZE ANALYSIS AND PROPERTIES 
Mean V alues. T hese  Do Not R ep re sen t A Specification .
MICRONISED GRADES
Microns S4 S6 S7 SIO
50 98.7
40 96.1 100.0 100.0
% Finer 30 88.8 99.0 99.9
(Malvern Masterslzer 2000) 20 72.0 92.6 97.1
15 57.5 83.1 91.0 100.0
10 37.8 64.1 75.0 97.2
5 15.0 29.8 37.8 69.7
3 6.1 12.6 16.2 34.2
Prior Grade Designation S40 S30 S20
Median Particle Size Malvern 12.9 7.8 6.3 3.7
Median Particle Size Sedigraph 9.2 5.1 4.3 1.9
Hegman Value ASTM D1210-79 N/A 5.0 5.5 6.4
Specific Surface Area (m fg) BET 1.5 2.5 3.0 4.5
Brightness ISO R457 81.5 84.4 85.4 85.6
Moisture % ISO 787-2 0.1 0.2 0.2 0.4
Oil Absorption ISO 787-5 21 22 27 31
pH ISO 787-9 10.1 10.2 10.4 10.4
Density (g/cm’) 2.61 ISO 787-10
Bulk Density, compacted (g/cm ) 0.7-1.2 EN 1097-3
Refractive Index 1.51-1.53 ASTM D-801
Hardness 6.0 Moh’s  Scale
Figure A.2: Nepheline Syenite Stjernpy S4-S10 information sheet (page 1)
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A.2. NEPHELINE SYENITE STJERN0Y S4-S10
TECHNICAL DATA m i n c x
CHEMICAL ANALYSIS
Mean Values. These Do Not Represent A Specification.
Mean Percent by Weight
Silicon Dioxide (SiOj) 56.10
Aluminium Oxide (AijOj) 24.30
Sodium Oxide (Na,0) 8.30
Potassium Oxide (KzO) 9.00
Calcium Oxide (CaO) 1.10
Iron Oxide (FezOs) 0.10
These oxides exist in a complex of Albite, Microciine, and Nepheline. There is no free crystalline silica 
present.
ORDERING INFORMATION
Shipping Point: WAREHOUSED WORLDWIDE
Availability; 25 KG BAGS, INTERMEDIATE BULK BAGS AND BULK 
MAY VARY DEPENDING ON WAREHOUSE AVAILABILITY
FOR PRODUCT INFORMATION AND CUSTOMER SERVICE: 
WORLDWIDE +47 67 14 22 00 • FAX +47 67 15 22 01
E-MAIL brilliantadditions@ncm.no
ADDRESS P.O. Box 45, N-1309 Rud, Norway
I NORTH CAPE 
: MINERALS
NORTH CAPE MINERALS AS
GRADE NUMBERS INDICATE RELATIVE VALUES OR RESULTS. THEY ARE NOT A SPECIFICATION OR WARRANTY OF PERFORMANCE.
HEALTH HAZARD WARNING.' Prolonged Inhalation oT dust associated with the materials described in this data shi 
handHng, using or storing. Follow OSHA Safety and Health Standards for fugitive dust Current Material Safety Data S 
consulted twfore usage.
Notice: While information contained herein Is correct to the best of our knowledge, North Cape Minerals AS hereby disclaims any warranties as to the accuracy of the same. 
Recommendations or suggestions are made without guarantee or representation as to result, since conditions of use are beyond our control AM materials are sold to North Cape 
Minerals AS standard terms and conditions of sale and on the condition that iHiyer shall make his own tests to determine the suitabiDty of such product for buyer's purpose. No 
statement contained herein shall be construed as a recommendation to infringe any patent
Nepheline Syenite Containing
MINEX® is a registered trademark of UNIMIN Corporation or its subsidiaries. All rights reserved
stjemoy - MINEX FF (04/07)
Figure A.3: Nepheline Syenite Stjernpy S4-S10 information sheet (page 2)
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B.l. SOIL SIMULANT PARTICLE SIZE DISTRIBUTIONS
B .l  Soil simulant particle size distributions
Table B.l: Soil simulant PSD data
Sieve (mm) SSC-1 SSC-2 ES-1 ES-2 ES-3W* P* W P W P W P W P
1.1800 0.1 99.9
0.8500 1.2 98.9
0.6000 3.1 96.9 24.8 75.2
0.4250 10.6 89.4 73.0 27.0
0.3000 39.6 60.4 92.9 7.1
0.2120 98.7 1.3
0.1500 83.5 16.5 0.5 99.5 99.7 0.3
0.1250 8.4 91.6
0.1060 36.9 63.1
0.0900 1.0 99.0 62.8 37.2
0.0750 5.0 95.0 86.2 13.8
0.0630 98.7 1.3 25.0 75.0 95.7 4.3
0.0530 50.0 50.0 98.7 1.3
0.0450 75.0 25.0
0.0100 0.1 99.9
0.0050 1.0 99.0
0.0040 2.0 98.0
0.0030 3.0 97.0
0.0020 8.0 92.0
0.0010 43.0 57.0
0.0009 52.0 48.0
0.0008 65.0 35.0
0.0007 95.0 5.0
(* W: Weight retained (%), P: Percent passing (%))
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C .l Shear stress
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c.l. SHEAR STRESS
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Figure C.l: SSC-1 DST shear stress data. Left column: High normal stress. 
Centre column: Medium normal stress. Right column: Low normal stress. Top 
row: Low relative density. Bottom row: High relative density
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Figure C.2: SSC-2 DST shear stress data. Left column: High normal stress. 
Centre column: Medium normal stress. Right column: Low normal stress. Top 
row: Low relative density. Bottom row: High relative density
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Figure C.3: ES-1 DST shear stress data. Left column: High normal stress. Centre 
column: Medium normal stress. Right column: Low normal stress. Top row: Low 
relative density. Middle row: Medium relative density. Bottom row: High relative 
density
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Figure C.4: ES-2 DST shear stress data. Left column: High normal stress. Centre 
column: Medium normal stress. Right column: Low normal stress. Top row: Low 
relative density. Middle row: Medium relative density. Bottom row: High relative 
density
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Figure C.5: ES-3 DST shear stress data. Left column: High normal stress. Centre 
column: Medium normal stress. Right column: Low normal stress. Top row: Low 
relative density. Middle row: Medium relative density. Bottom row: High relative 
density
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C.2 Vertical displacem ent
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Figure C.6: SSC-1 DST vertical displacement data. Left column: High normal 
stress. Centre column: Medium normal stress. Right column: Low normal stress. 
Top row: Low relative density. Bottom row: High relative density
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Figure C.7: SSC-2 DST vertical displacement data. Left column: High normal 
stress. Centre column: Medium normal stress. Right column: Low normal stress. 
Top row: Low relative density. Bottom row: High relative density
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Figure C.8: ES-1 DST vertical displacement data. Left column: Left column: 
High normal stress. Centre column: Medium normal stress. Right column: Low 
normal stress. Top row: Low relative density. Middle row: Medium relative 
density. Bottom row: High relative density
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Figure C.9: ES-2 DST vertical displacement data. Left column: High normal 
stress. Centre column: Medium normal stress. Right column: Low normal stress. 
Top row: Low relative density. Middle row: Medium relative density. Bottom 
row: High relative density
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Figure C.IO: ES-3 DST vertical displacement data. Left column: High normal 
stress. Centre column: Medium normal stress. Right column: Low normal stress. 
Top row: Low relative density. Middle row: Medium relative density. Bottom 
row: High relative density
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Figure D.l: SSC-1 PST data. Left column: 50 mm plate. Right column: 125
mm plate
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Figure D.2: SSC-2 PST data. Left column: 50 mm plate. Right column: 125
mm plate
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Figure D.3: ES-1 PST data. Left column: 50 mm plate. Right column: 125 mm
plate
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Figure D.4: ES-3 PST data. Left column: 50 mm plate. Right column: 125 mm
plate
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Figure E.l: Pressure-sinkage goodness of fit values for SSC-1
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Figure E.2: Pressure-sinkage goodness of fit values for SSC-2
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Figure E.3: Pressure-sinkage goodness of fit values for ES-1
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Figure E.4: Pressure-sinkage goodness of fit values for ES-3
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coefficient values
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E.2. OPTIMAL GOODNESS OF FIT AND PRESSURE-SINKAGE COEFFICIENT
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product sheets
255
F.l. PARVALUX PM60-105PG56 MOTOR
F .l  Parvalux PM 60-105PG 56 motor
P M 6 0 - 1 0 5 P G 5 6
parvalux.
MOTOR Permanent m agnet DC motor
PROTECTION Totally enclosed (IP44)
GEARBOX Planetary
MOTOR POWER 20.0 - 48.0 Watts
SPEED 5 - 694 rpm
VOLTAGE 24V DC standard; 12V - 50V on request
WEIGHT 1.50 kg (ST1 a  ST2); 1.65 kg (5T3); 1.9 kg (ST4)
RADIAL LOAD* 80 N (ST1); 140 N (ST2); 200 N (ST3); 260 N (ST4)
AXIAL LOAD* 20 N (ST1); 40 N (ST2); 60 N (ST3); 80 N (ST4)
SHAFT TYPE Single shaft as standard
EXTRAS See page 36
PM60-105 with stage 1 gearbox (PG56) pictured 
See page 153 to specify shaft and gearbox position
Motor Power Cont. (W) 
Motor Power 1 Hour (W) 
AAotor Power 15 Min (W)
TORQUE (Nm)
MOTOR SPEED (rpm)
OUTPUT SPEED (rpm)
24.5
151
Figure F.l: Parvalux PM60-105PG56 motor
256
___________ F.2. MAXON A-MAX MOTOR DRIVE SPECIFICATION
F.2 M axon A-m ax m otor drive specification
Combination data
Nominal voltage
No load speed
Max. continuous torque
Stall torque 
G ear da ta
mNm
Article No.
Program
Planetary Gearhead 
G P 2 2 C 0 2 2 m m .
0 .5 -2 .0  Nm. 
Ceram b Version
Reduction
No. of stages
Max. continuous torque
Intermittently permissible torque a t gear output
Sense  of rotation, drive to output
Max. efficiency
Average backlash no load
M ass inertia
G eartiead length LI
Max. motor shaft diameter 
M otor da ta
Article No.
Program Graphite Bnishes,
Assigned power rating
Nominal voltage
No load speed
StaHtc^que
Max. continuous torque
Speed /  torque gradient min-’ /  mNm-’
No b a d  current
Starting current
Terminal resistance
Max. permissible speed
Nombal current (max. continuous cunent)
Max. efficiency
Torque constant mNm /A -’
Speed constant
Mechanical time constant
Rotor bertia
Terminal Inductance
Thermal resistance housing«amblent
Thermal resistance winding>housing
Thermal time constant winding
Motor lenght
Senso r da ta =
Artide No.
Encoder MR. Typ 
M. 12 8 -5 1 2  CRT.Program 2 / 3  O tannels. with 
Une Driver
Counts per turn
Number of channels
Max. operating frequency
Operating temperature range
Article No. 
Program
LSC 30/2. linear 4 - 
0-Servoamptifier 30 
V /  2 A in module 
housing
Operating voltage VccMb
Operating voltage VccMax
Max. Output vo ltage .
Max. Output voltage
Maximum current
Continuous current
Figure F.2: Maxon A-max motor drive specification (page 1)
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F.2. MAXON A-MAX MOTOR DRIVE SPECIFICATION
Operation 
Speed control 
Regulator 
Position control
Figure F.3: Maxon A-max motor drive specification (page 2)
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F.3. NATIONAL INSTRUMENTS NI USB-6009 MULTIFUNCTION DAQ
F.3 National Instrum ents NX USB-6009 m ulti­
function DAQ
^NATIONAL
^INSTRUMENTS
Technical S a le s  
United Kingdom 
01635 523545 
info.uk@ni.com
NI USB-6009
14-Bit, 48 kS/s Low-Cost Multifunction DAQ
8 analog inputs (144)it, 48 kS/s)
2  analog outputs (124>it, 150 S/s); 12 digital I/O; 324>it counter 
Bus-powered for high motjility; buiit-in signal connectivity 
OEM version available
Compatible with LabVIEW, LabWindows/CVI, and M easurement Studio for 
Visual Studio .NET
NI-DAQmx driver software and NI LabVIEW SignalExpress LE Interactive 
data4ogging software
Overview
The National Instruments USB-6009 provides basic data acquisition functionality for applications such a s  simple data  logging, portable 
m easurem ents, and academ ic lab experiments. It is affordable for student u se  and  powerful enough for more sophisticated 
m easurem ent applications. For Mac OS X and Linux users, download the NI-DAQmx B ase driver software and program the USB-6009 
with LabVIEW or 0 .
To supplem ent simulation, m easurement, and automation theory courses with practical experiments, NI developed a  USB-6009 
Student Kit that includes a  copy of the  LabVIEW Student Edition. T hese kits a re  exclusively for students, giving them  a  powerful, 
low-cost, hands-on learning tool. VIsrt the NI academ ic products page a t http://www.ni.com/academic/measurements.htm for more 
details.
For faster sampling, more accurate m easurem ents, and higher channel counL consider the NI USB-6210 and NI USB-6211 
high-performance USB data acquisition devices.
Every NI USB data  acquisition device includes a  copy of NI LabVIEW SignalExpress LE so  you can  quickly acquire, analyze, and 
present data  without programming. In addition to LabVIEW SignalExpress, USB data  acqursition modules are compatible with the 
following versions (or later) of NI application software -  LabVIEW 7.x, LabWindows™/CVI 7.x, or M easurem ent Studio 7j (. USB data 
acquisition modules are also compatible with Visual Studio .NET, C/C++, and Visual Basic 6.
Specifications
Specifications Documents
• Specifications (2)
• D a ta sh e e t
Specifications Summary
G eneral
P ro d u c t Name
Figure F.4: National Instruments NI USB-6009 multifunction DAQ
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F.4. APPLIED MEASUREMENTS LVDT DISPLACEMENT TRANSDUCER
F.4 Applied M easurem ents LVDT Displacem ent 
transducer
Industrial Series LVDT
DISPLACEMENT A M L /IE
TRANSDUCER Series
Ranges ±0.5mm to ± 500mm
Robust Stainless Steel 
Construction
Guided Core as Standard
Seaied to IP65 (IP68 optional)
Simple Installation
Wide Variety of Different 
Outputs; mVac, 0-5Vdc, O-iOVdc, 
4-20mA, ±2.5Vdc
■ 3 YEAR WARRANTY
Options Available
Environmental sealing to IP68.
Extension Rod Wiper.
Axial Cable Exit.
Longer cable lengths available on request.
Integral bayonet lock connector.
Improved Linearity on DC versions.
Higher temperature versions (consult factory). 
Custom design versions available (consult factory).
DESCRIPTION
The AML/IE series of Industrial LVDT Displacement Transducers can be AC or DC powered and are widely 
used in Industrial applications where a rugged construction and excellent environmental sealing are essential. 
The AML/IE has been widely used in Process Plants, Paper Mills and Industrial Test rigs.
They are of robust construction, manufactured from stainless steel, sealed to IP65 (IP68 optional) and fitted 
with tough cable. Supplied in a variety of packaging formats they enable engineers to  select quickly and 
precisely, the product required for a particular application.
The AML/IE is supported with a versatile range of instrumentation to enable engineers to implement the 
sensor with the minimum of fuss within a system. Supporting instrumentation includes trip amplifiers, 
indicators, PC interfaces, rack systems, etc.
Transducer Specialists...
APPLIED MEASUREMENTS LIMilED___________
3 MERCURY HOUSE - CALLEVA PARK - ALDERMASTON - BERKSHIRE - RG7 8PN - UK
Tel: (+44) 0118 981 7339 Fojc (+44) 0118 981 9121 email: lnlo@ appmeo&co.uk Internet: w w w .appm easco.iJc
Figure F.5: Applied Measurements LVDT Displacement transducer (page 1)
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F.4. APPLIED MEASUREMENTS LVDT DISPLACEMENT TRANSDUCER
SPECIFICATION
CHARACTERISTICS AM L/IE-1 AML/KI— 1 AMUIEU— lAMWIEU---- 10| AMI/IEK- | AML/IED— UNITS
Ssreto MMMrammt RangK ± 0 *  ±15, ±5, ±  10, ±  115, ±  IS, ±25, ±50, ±75, ±  100, ±  125, ±  150, ±  175, ±200, ±250 
±300, ±400, ±500 (maximum suoku Is ±100 hr Sprung LoududCora&Baunslon-OpOonQ
iiJiinati'aa
Slv<el Output: See Table Buhw O-Svolt O-IOvolt 4-20mA ±15volt
Ne.efWlrM « 1 3 3 3 4
Supply Vettafu (unraiulBtad); 2 ts  SVrma @ 1 to 5kHz IO.Z4Vdc l4-24Vdc l4.24Vdc lOVdcrwiatud
Supply CUsnnt: 35mA @ 15V 35mA® 15V 35mA @I2V
Mux. Loop Rmlitiiieui 300 @30V .
Mbc  Output SMc Currant: 05 1 0.1 mWumpa
Nofi4JnMi1ly: <0J0 ±% Spoke Rur*e
RupMtuMky; <0.10 ±% Stroke Range
Output Bundwldth: 180 300 300 300 300 Hz
Output Ripple: TOmVmax. 30mV max. 0.l%@20mA 30mV max.
Operating TWnpermtura Runs»: AML/E&EJ:O0to+85Std./-30ts+l50Opt Oto+70cnDQIX:mo<Ms •c
Zura Ihmparatura CouOldurrt: <0X120 <0.010 ±%StrakeRunguTC
Spun fWnpTutir» Couflldunt: <0.020 <0X130 ±%StrokmRu*urC
VferadonRuriMunou: 20% up to 2kHz
Shod: nushtancu; lOOOghrlOmUheoondr
ConutiucSion Muturlul; Stdnlaar Steel (core and aae)
Conneethra: 2 nuâra long acreaned cable «ttlngradMyindaliadt optional-requastopdon/^
EnrlranmuntalluuSng IP65(IP68opdonaO
m w n w m S ^ , W
S T R O K E  I m m ) P L S L E L
± 0 . 5 8 0 8 0 146 5 0
± 1 5 9 0 9 0 166 9 0
± 5 115 115 181 8 0
± 1 0 130 1 30 196 2 8 0
± 1 2 . 5 160 2 2 6 3 0 0
± 1 5 175 175 241 2 3 0
± 2 5 2 3 5 2 3 5 301 2 4 0
± 5 0 3 2 0 3 2 0 3 8 6 3 2 0
± 7 5 3 9 0 3 9 0 4 5 6 3 5 0
± 1 0 0 4 5 0 n /a 5 1 6 1 90
± 1 2 5 5 0 0 n /a 5 6 6 3 0 0
± 1 5 0 5 6 0 n /a 3 3 0
± 1 7 5 6 1 5 n /a 6 81 3 1 0
± 2 0 0 7 0 0 n /a 7 6 6 3 0 0
± 2 5 0 8 1 0 n /a 8 7 6 3 5 0
± 3 0 0 9 2 0 n /a 9 8 6 4 0 0
± 4 0 0 1 1 5 0 n /a 1 2 1 6 4 6 0
± 5 0 0 1 4 1 0 n /a 1 4 7 6 3 9 0
Plmcntlofw for PC unit# only
All cilmensîçngln mm
muSoSuu»
S T R O K E  ( m m ) P L S L E L
± 0 . 5 1 30 1 30 196
± 2 . 5 1 40 140 2 0 6
± 5 165 165 231
± 1 0 1 80 180 2 4 6
± 1 2 . 5 2 1 0 2 1 0 2 7 6
± 1 5 2 2 5 2 2 5 291
± 2 5 2 8 5 2 8 5 351
± 5 0 3 7 0 3 7 0 4 3 6
± 7 5 4 4 0 4 4 0 5 0 6
± 1 0 0 5 0 0 n /a 5 6 6
± 1 2 5 5 5 0 n /a 6 1 6
± 1 5 0 6 1 0 n /a 6 7 6
± 1 7 5 6 6 5 n /a 731
± 2 0 0 7 5 0 n /a 8 1 6
± 2 5 0 8 6 0 n /a 9 2 6
± 3 0 0 9 7 0 n /a 1 036
± 4 0 0 1 2 0 0 n /a 1 266
± 5 0 0 1 4 6 0 n /a 1 526
STANDARD 
Plain Core 
& Extension
OPTIONS
Sprung Ball End
Loaded Core 
& Extension Sprw ^ o ^
EL (fulry ini
50 (fUly In)Guided Core
& Extenslwi
with Rod
End Bearings
b o th  e n d s
APPLIED MEASUREMENTS LIMITED
Continuous product development may result In minor ctronges to publlstred specltlcotlons.
Figure F.6: Applied Measurements LVDT Displacement transducer (page 2)
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F.5. APPLIED MEASUREMENTS TRIAXIAL LOAD CELL__________
F.5 Applied M easurem ents Triaxial Load Cell
A custom three-axis load cell was developed by Applied Measurements for the 
SWT. The part shown in Figures F.7 and F.8 represents the base product used 
for this sensor. See Figure F.9 for the engineering drawing of the custom part.
Stainless Steel
Combined Torque And Axial Force
DBBSS/TSF
A X I A L  T O R S I O N  S E N S O R
f »
* y %
\  1
»  \
%
#
Capacities from IkN/IONmto 
250kN/2500Nm
Seaied to IP65
Low Profile and Vfery Compact 
Low Deflection 
Minimal crosstalk 
Robust Construction 
3 YEAR WARRANTY
Potions Available
Non-Standard ranges available on request 
Dual 4-core screened cable, one for each axis
CHARACTERISTICS DBBS$/T5F UNITS
Rated C^MdtieK l/IO; 2.S/25; 5/50; 10/100; 25/250; 25/500; 50/500; 100/1000; 250/2500 KN/Nm
SeniMrrity Range; 1.5mV/V to 3.0mV/V (see note below) mV/V
N on -lineari^ Axial Force <0.05 Torsional Force <0.10 ±%  o f Rated Output
Rapeatebmqt: Axial Force <0.03 Torsional Force <0.05 ±%  of Rated Output
Zara Batance: 1 ±%  of Rated Output
Ih m p e ra tm  Range Operating: -20 to +80 "C
Compensated: Oto+70 •C
Ihmperatura Effiect On Output: <0.005 ±% ofAppBedLoed/°C
On Zara: <0.030 ±%  o f Rated Output/"C
Safe Overload: 150 % o f Rated Cepadty
Ultimate Overload: 400 % o f Rated Capadtr
EacHatlon Recommended: 10 Volts AC or DC
Maahraare 15 Volts AC or DC
Input Impedance: 400 nominal Ohms
Output impedance: 350 nominal Ohms
insulation impedance: >500 M eseohms
Construction: Stainless Steel
Environmental Protection; IP65
Eiectrlcai Connection: 6-pln bayonet lock connector + mating connector with two cable 
options from the mating connector
Transducer Specialists...
APPLIED MEASUREMENTS LIMITED
3 MERCURY HOUSE - CALLEVA PARK - ALDERMASTON - BERKSHIRE - RG7 6PN - UK
Tel: (+44) 0118901 7339 Fox: (+44) O il8981 9121 email; ln to@ appm easco .uk  Internet; w w w .appm eosco.uk
Figure F.7: Combined Torque and Axial Force sensor (page 1)
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F.5. APPLIED MEASUREMENTS TRIAXIAL LOAD CELL
SPECIFICATION
-6 Pin B o y o n e t 
L ock  C o n n e c to r
Note
The sensitivity can vary betvreen the limits stated 
depending upon the aspect ratio between the two axis. 
This is to  limit the level of crosstalk between axis.
All dimensions In mm
R ange (k N /N m ) 0 A B 0 C D E 0 F
I/to. 2.5/25.5/50 84 86 25/H7 8 64
10/100,25/250.25/500 86 120 25/H7 6 60
50/500, 100/1000 135 125 30/H7 12 MIOxISDP 100
250/2500 230 200 35/H7 12 MI6X24DP 190
Wiring Schematic Diagram
E xcitation (P IN A )
( P I N Q
(F o ro aA x k )
(P IN O )
w w S lp id (P IN O )
( f o tw A x l i)
+ v « S |p a l (P IN S )
CToiqiiaAKk O o d c w b i )
4 m S # W ( P N E )
(T oiqu* A xis d o d a u lM )
Wiring Diagram - 6 Core Cable Wiring Diagram-2x4 Core Cable
Force/Torgue Axes Force Axis
Red: + Excitation Red: + ExcitationBlue: - Excitation Black: - ExcitationGreen: + Signal (Force Axis) Green: + SignalYellow: - Signal (Force Axis) Yellow: - SignalBlack: + Signal (T orque Axis)White: - Signal (Torque Axis) Torque Axis
Red: + ExcitationBlack: - ExcitationGreen: + SignalYellow: - Signal
APPLIED MEASUREMENTS LIMITED
Continuous product development moy result In minor changes to published specifications.
Figure F.8: Combined Torque and Axial Force sensor (page 2)
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F.5. APPLIED MEASUREMENTS TRIAXIAL LOAD CELL
II
I <
 L l_
HI
go
IUÎ O
< c o < C C  f
imi
Si
Figure F.9: Engineering drawing of triaxial load cell
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A ppendix G
Single W heel Testbed wheel
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UNIKS OTHERWISE SPECfED: 
DIMENSIONS ARE IN MLUMETERS 
SURFACE HMSH:
TOLERANCES:
ANGULAR:
i SIGIi
DO NOT SCALE DRAWING
dent Edition
^ardernlc |üaeTQ0iiyied_whe|eEL
Figure G.l: Engineering drawing of SWT wheel used in the experiments described 
in Chapter 7
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Appendix H
Single W heel Testbed sensor 
calibration data
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H.l. FORCE SENSOR
H .l Force Sensor
CALIBRATION CERTIFICATE
Calibration of transducer
Customer:
University of Surrey
ESOO Facuity of Engineering
& Physical Science
Guiidford
Surrey
GU2 7XH
Date: 
Gust Ref: 
AML Ref:
Transducer Type: 
X Axis:
OCDXYZ-1kN/0.5kN 
SGA-A S/N 1000507583
23 September 2010 
68201386/68201458 
S150710E&F
Serial Number: 34942
Applied Force N Output
mV@10V
Y Axis 0 /P 
mV @ 10V
Z Axis 0/P 
mV @ 10V
0 0.000 0.000 0.000
100 1.997 0.069 0.100
200 3.997 0.139 0.177
300 5.998 0.211 0.277
400 8.004 0.287 0.344
500 10.000 0.361 0.444
0 0.001 0.004 0.055
SGA-A S/N 1000513174
Applied Force N Output
mV@10V
X Axis 0/P 
mV @ 10V
Z Axis 0/P 
mV @ 10V
0 0.000 0.000 0.000
100 2.007 0.020 0.066
200 4.011 0.039 0.155
300 5.999 0.091 0.300
400 7.991 0.074 0.455
500 10.000 0.092 0.678
0 0.001 0.001 0.000
SGA-A S/N 1000507568
Applied Force N Output 
mV @ 10V
X Axis 0/P  
mV@10V
Y Axis 0/P 
mV@10V
0 0.000 0.000 0.000
250 2.512 0.029 0.029
500 5.014 0.054 0.050
750 7.516 0.089 0.073
1000 9.995 0.118 0.112
0 0.011 0.001 0.001
Electrical Connections: CCDXYZ Cable (3mts1 SGA-A Inout Terminal J2
Blue (-ve) Strain Excite
Red (+ve) Strain Excite (5V/10V)
Shield (OV)
N/A Ref(2.5V/5V)
Yellow (-ve) Strain Input
Green (+ve) Strain input
Applied Measurements Limited hereby certifies that the above items have been 
Inspected, tested and calibrated in ail respects with the requirements of the customer's 
order.
Visit our website at: www.appmeaaco.uk
APPLIED
MEASUREMENTS
LIMITED
3MEaCVRYHOÜSE
ia:(t44IOIIB981 7339 
Fox H-WI0II39SI 9121 
e-moll: lnfo@appmeaa.oo.uk 
Intemaf; www,cT)pmeoi,caulc
OLIVER MORCOM
Reg. No. 2583968
Figure H.l: Applied Measurements force sensor certificate of calibration
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H.2. LVDT
H.2 LVDT
m
O) 4 
>  3
OÉÎ—®-
*
* Run 1
□ Run 2
<> Run 3
o Run 4
80 100 120 140
LVDT displacement (mm)
160 180
Figure H.2: Calibration data for LVDT sensor
H.3 Carriage m otor power supply
20
D)C
=6 15 
£
*  Runi 
□  Run 2
0  Run 3
10 15
Voltmeter setting (V)
25
Figure H.3: Calibration data for carriage motor power supply
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H.3. CARRIAGE MOTOR POWER SUPPLY
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A ppendix I
Single W heel Testbed raw test  
data
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I I .  RAW FORCE DATA
I . l  Raw force data
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LI. RAW FORCE DATA
ES-3, Mars, Loose, 0%, Run 1 ES-3, Mars, Loose, 0%, Run 210
5
0
-5
10000 1500050000
Tim e(sx10' )
ES-3, Mars, Loose, 25%, Run 110
5
0
-5
1.5 210 0.5
Time (s xIO )
ES-3, Mars, Loose, 50%, Run 1
xIO
0 0.5 1 1.5 2 2.5 3
Time (sxlO'^)
ES-3, Mars, Loose, 75%, Run 1
0 1 2 3 4 5
Time (s xIO'^)
10
5
0
•5
0 2000 4000 6000 8000 10000 12000 14000
Time (s x10‘ )^
ES-3, Mars, Loose, 25%, Run 210
5
0
■5
0.5 1 1.5 20
Time (s xIO )
ES-3, Mars, Loose, 50%, Run 2
xIO
0 0.5 1 1.5 2 2.5 3
10
Time (sxlO" )
ES-3, Mars, Loose, 75%, Run 2
X  10
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Figure I.l: ES-3 SWT Force Data: Martian load, medium density
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I.l. RAW FORCE DATA
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Figure 1.2: ES-3 SWT Force Data: Martian load, high density
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I.l. RAW FORCE DATA
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Figure 1.3: ES-3 SWT Force Data: Lunar load, medium density
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LI. RAW FORCE DATA
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Figure 1.4: ES-3 SWT Force Data: Lunar load, high density
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LI. RAW FORCE DATA
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Figure 1.5: SSC-2 SWT Force Data: Martian load, medium density
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LI. RAW FORCE DATA
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Figure 1.6: SSC-2 SWT Force Data: Martian load, high density
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I.l. RAW FORCE DATA
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Figure 1.7: SSC-2 SWT Force Data: Lunar load, medium density
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I.l. RAW FORCE DATA
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Figure 1.8: SSC-2 SWT Force Data: Lunar load, high density
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1.2. RAW SINKAGE DATA
1.2 Raw sinkage data
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1.2. RAW SINKAGE DATA
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Figure 1.9: ES-3 SWT Sinkage Data: Martian load, medium density
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1.2. RAW SINKAGE DATA
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Figure 1.10: ES-3 SWT Sinkage Data: Martian load, high density
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1.2. RAW SINKAGE DATA
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Figure 1.11: ES-3 SWT Sinkage Data: Lunar load, medium density
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1.2. RAW SINKAGE DATA
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Figure 1.12: ES-3 SWT Sinkage Data: Lunar load, high density
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1.2. RAW SINKAGE DATA
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Figure 1.13: SSC-2 SWT Sinkage Data: Martian load, medium density
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1.2. RAW SINKAGE DATA
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Figure 1.14: SSC-2 SWT Sinkage Data: Martian load, high density
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1.2. RAW SINKAGE DATA
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Figure 1.15: SSC-2 SWT Sinkage Data: Lunar load, medium density
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1.2. RAW SINKAGE DATA
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Figure 1.16: SSC-2 SWT Sinkage Data: Lunar load, high density
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1.3. DATA PROCESSING METHODS
1.3 D ata processing m ethods
1.3.1 F iltering m ethod
The LabView design used to collect sensor data from the SWT included a low- 
pass filter block to remove sensor noise (this design is available on the DVD 
accompanying this thesis). The data were then processed in Matlab in several 
stages. An initial review of the data was used to select t = 0 on the x  force and 
z displacement measurements.
Prom these data subsets ranges were manually selected to delimit the data 
between the commencement and conclusion of each data collection run (see the 
accompanying DVD for ranges). The oscillatory response in the force data was 
filtered by finding RMS of these respective datasets using the standard RMS 
equation,
D Rx{RMS) \ (i-i)n m = l
This process was repeated for each simulant, density and load dataset to 
estimate drawbar pull between 0% and 75% slip ratio.
1.3.2 W heel speed  and slip estim ate
To estimate wheel speed from the data, the time between grouser-to-grouser force 
peaks were estimated using Matlab function f indpeaks (), with MINPEAKDISTANCE 
of 300 data points. This was repeated for all datasets. Table I.l shows these data.
Multiplying the mean period by the number of grousers (12) and using the 
wheel diameter (2#r, where r  =  5 cm) gives the estimated wheel speed of 5.45 
cm/s. The period standard deviation oî a = 0.05 s gives a grouser-to-grouser rate 
range of 0.43 s to 0.53 s, providing the stated wheel speed range of 4.94 cm/s to 
6.08 cm/s.
Grouser spacing is also used to estimate the slip ratio using photographs of 
the soil surface disturbance due to the grousers. Figure 1.17 shows example data 
from ES-3 and SSC-2. The ruler in-shot was used to estimate the spacing of the 
grouser-to-grouser ridges. Using the actual spacing of 2.6 cm the slip ratio was 
estimated using the slip equation,
i = 1 ------  (1.2)
ruj
Where V  and ruj were replaced with the measured and actual spacing, re­
spectively. These data are used in Figure 7.14 to define the horizontal error bars 
and are summarised in Table 1.2.
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1.3. DATA PROCESSING METHODS
Table I.l: Wheel speed estimates for all SWT data
ES-3
Description Time (s) cr (s) Description Time (s) a (s)
Mars, Dense, 0%, Run 1 0.474 0.037 Moon, Dense, 0%, Run 1 0.469 0.046
Mars, Dense, 0%, Run 2 0.457 0.039 Moon, Dense, 0%, Run 2 0.465 0.030
Mars, Dense, 25%, Run 1 0.463 0.052 Moon, Dense, 25%, Run 1 0.466 0.036
Mars, Dense, 25%, Run 2 0.466 0.040 Moon, Dense, 25%, Run 2 0.470 0.044
Mars, Dense, 50%, Run 1 0.465 0.032 Moon, Dense, 50%, Run 1 0.467 0.062
Mars, Dense, 50%, Run 2 0.464 0.022 Moon, Dense, 50%, Run 2 0.464 0.036
Mars, Dense, 75%, Run 1 0.464 0.025 Moon, Dense, 75%, Run 1 0.459 0.068
Mars, Dense, 75%, Run 2 0.463 0.037 Moon, Dense, 75%, Run 2 0.463 0.065
Mars, Loose, 0%, Run 1 0.454 0.095 Moon, Loose, 0%, Run 1 0.467 0.062
Mars, Loose, 0%, Run 2 0.459 0.075 Moon, Loose, 0%, Run 2 0.466 0.046
Mars, Loose, 25%, Run 1 0.466 0.046 Moon, Loose, 25%, Run 1 0.459 0.050
Mars, Loose, 25%, Run 2 0.458 0.054 Moon, Loose, 25%, Run 2 0.468 0.035
Mars, Loose, 50%, Run 1 0.466 0.036 Moon, Loose, 50%, Run 1 0.467 0.038
Mars, Loose, 50%, Run 2 0.463 0.030 Moon, Loose, 50%, Run 2 0.458 0.044
Mars, Loose, 75%, Run 1 0.466 0.037 Moon, Loose, 75%, Run 1 0.470 0.046
Mars, Loose, 75%, Run 2 0.464 0.030 Moon, Loose, 75%, Run 2 0.466 0.023
SSC-2
Mars, Dense, 0%, Run 1 0.473 0.093 Moon, Dense, 0%, Run 1 0.456 0.098
Mars, Dense, 0%, Run 2 0.508 0.062 Moon, Dense, 0%, Run 2 0.493 0.042
Mars, Dense, 25%, Run 1 0.489 0.049 Moon, Dense, 25%, Run 1 0.499 0.033
Mars, Dense, 25%, Run 2 0.496 0.037 Moon, Dense, 25%, Run 2 0.495 0.041
Mars, Dense, 50%, Run 1 0.486 0.058 Moon, Dense, 50%, Run 1 0.492 0.029
Mars, Dense, 50%, Run 2 0.491 0.038 Moon, Dense, 50%, Run 2 0.494 0.039
Mars, Dense, 75%, Run 1 0.492 0.080 Moon, Dense, 75%, Run 1 0.494 0.049
Mars, Dense, 75%, Run 2 0.491 0.067 Moon, Dense, 75%, Run 2 0.492 0.042
Mars, Loose, 0%, Run 1 0.503 0.063 Moon, Loose, 0%, Run 1 0.481 0.054
Mars, Loose, 0%, Run 2 0.486 0.066 Moon, Loose, 0%, Run 2 0.493 0.054
Mars, Loose, 25%, Run 1 0.477 0.053 Moon, Loose, 25%, Run 1 0.492 0.035
Mars, Loose, 25%, Run 2 0.493 0.038 Moon, Loose, 25%, Run 2 0.481 0.048
Mars, Loose, 50%, Run 1 0.487 0.039 Moon, Loose, 50%, Run 1 0.492 0.032
Mars, Loose, 50%, Run 2 0.491 0.030 Moon, Loose, 50%, Run 2 0.488 0.041
Mars, Loose, 75%, Run 1 0.493 0.086 Moon, Loose, 75%, Run 1 0.487 0.053
Mars, Loose, 75%, Run 2 0.496 0.091 Moon, Loose, 75%, Run 2 0.492 0.052
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1.3. DATA PROCESSING METHODS
(a) ES-3 slip pattern (slip ratio: 0%) (b) ES-3 slip pattern (slip ratio: 75%)
• '  4
rA
(c) SSC-2 slip pattern (slip ratio: 0%) (d) SSC-2 slip pattern (slip ratio: 75%) 
Figure 1.17; Example SWT grouser pattern photos used to estimate slip ratio
Table 1.2: Estimated slip ratio using soil deformation patterns
ES-3 SS(T2
Description Run 1 Run 2 Description Run 1 Run 2
Mars, Dense, 0% -0.083 -0.096 Mars, Dense, 0% -0.262 -0.269
Mars, Dense, 25% 0.139 0.149 Mars, Dense, 25% 0.077 0.047
Mars, Dense, 50% 0.455 0JW8 Mars, Dense, 50% 0.385 0.378
Mars, Dense, 75% 0.715 0.713 Mars, Dense, 75% 0.671 0.712
Moon, Dense, 0% -0.085 -0.071 Moon, Dense, 0% -0.298 X
Moon, Dense, 25% 0.226 X Moon, Dense, 25% 0.046 X
Moon, Dense, 50% 0.418 0J88 Moon, Dense, 50% 0.355 0.428
Moon, Dense, 75% 0.717 0.727 Moon, Dense, 75% 0.681 0.686
Mars, Loose, 0% -0.013 -0.064 Mars, Loose, 0% -0.186 -0.185
Mars, Loose, 25% 0.144 0.218 Mars, Loose, 25% 0.099 X
Mars, Loose, 50% 0.406 0.503 Mars, Loose, 50% 0.391 0.423
Mars, Loose, 75% 0.740 0.731 Mars, Loose, 75% 0.654 X
Moon, Loose, 0% -0.173 -0.181 Moon, Loose, 0% -0.317 X
Moon, Loose, 25% 0.143 0.197 Moon, Loose, 25% 0.050 0.077
Moon, Loose, 50% 0.378 0.392 Moon, Loose, 50% 0.439 0.431
Moon, Loose, 75% 0.685 0.703 Moon, Loose, 75% 0.689 0.692
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310
Glossary
analogue A soil material identical to in-situ regolith in its mechanical, physical, 
chemical, organic and magnetic behaviours as required in its application.
bulk density The unit mass per volume of a given terrain, soil sample, simulant 
or analogue. This value is proportional to the soil void ratio.
density A general term for the density of the terrain by unit volume (see bulk 
density).
drawbar pull The net thrust developed by a mobility system to drive a vehicle.
mobility The performance of a vehicle on unprepared terrain.
mobility system  The mechanical, electronic and control systems that comprise 
the means by which a rover is mobile.
particulate density The density of the material from which a soil is comprised.
regolith A loose granular material comprised of a broad range of particle grain 
sizes and larger objects such as gravel, rocks and boulders.
relative density The bulk density of the terrain as a percentage between the 
maximum (100% D r ) and minimum (0% D r ) bulk densities.
simulant A soil material non-identical to in-situ regolith but simulating specific 
similarities, such as mechanical, physical, chemical, organic or magnetic 
behaviours.
slip ratio The percentage of the wheel angular velocity translated to linear trav­
elling velocity.
soil A granular material produced in part by biological processes.
specific gravity The ratio of mass per unit volume of material to the mass 
density of water (p^) at a given temperature (for example, 1 g/cm^ at 4° 
C).
tractive ability The ability of a vehicle to develop traction on a given terrain.
trafficability The ability of a deformable terrain to support vehicle traction.
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